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ABSTRACT 
Brachytherapy usually refers to a category of procedures where radiation sources are 
implanted into the tumor or into its close vicinity to deliver high radiation doses into the 
tumor for a therapy. A feedback about the dose rate distribution during the surgery is desired 
to guarantee the dose coverage and the success of a treatment. Calculation speed is crucial in 
this attempt and traditional Monte Carlo methods are not suitable for this purpose. 
We developed a deterministic algorithm for computing three dimensional 
brachytherapy dose distributions. The deterministic algorithm has been based on the integral 
transport equation. The integral transport equation is solved by the Neumann Series and 
spatial, angular and energy discretizations. Source scheme and transport scheme are the two 
steps to calculate the scattered photon flux. The algorithm provided us a capability of 
computing dose distributions for multiple isotropic point and/or volumetric sources in a 
homogenous/heterogeneous medium. Two seed models, model 2301 and model 6711 were 
studied. The algorithm results for these two seeds have been benchmarked against the results 
from literatures and MCNP calculation. We have included fluorescence radiation physics to 
handle the silver fluorescence in seed model 6711. We designed and implemented a parallel 
algorithm to speed up the calculations. The introduction of parallel computing capability 
provided a means to compute the dose distribution for multiple seeds in a simultaneous 
manner. 
We can compute dose distributions for a large set of seeds without resorting to the 
superposition methods, which is current technique to calculate overall dose distribution from 
multiple seeds. This provided a way to study strong heterogeneity and shadow effects 
induced by the presence of multiple seeds in an interstitial brachytherapy implant. By 
studying a 81 seeds problem, we observed that superposition of single seeds dose distribution 
can lead to at least 5-10% overestimation around implanted seeds. This provided more 
evidence that the shadow effect has significant impacts on the dose distribution and should be 
considered in the brachytherapy dosimetry. 
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CHAPTER 1 INTRODUCTION 
Prostate Cancer is one of most common cancers among men in the US today, it is 
second only to lung cancer. The American Cancer Society estimates that in 2003, about 
220,900 new cases of prostate cancer will be diagnosed and 28,900 men will die of the 
disease. Patients with prostate cancer have a number of treatment options, including surgical 
removal, external beam radiotherapy, hormone therapy, and brachytherapy. 
The surgical removal of prostate is usually a two to three hour procedure, and 
requires a two-day hospital stay. It's more expensive than brachytherapy and causes more 
side effects. In external beam radiotherapy, a beam of radiation is focused onto a prostate. 
Although the beam affects the cancer cells in the prostate, it also has damaging effects upon 
surrounding healthy tissues, such as the bladder and rectum. In a brachytherapy treatment, 
small radioactive pellets (seeds) are implanted into the prostate gland where they deposit a 
high dose of radiation into the cancerous tissue in a short period. Patients usually go home 
the same day and return to regular activity in a day or two. There is no need for major 
surgery, blood transfusions, or a large surgical scar, and the risk of serious complications 
such as incontinence and impotence are greatly reduced. 
Although employment of transrectal ultrasound (TRUS) and fluoroscopy (X-rays) 
technique have made the delivery of seed more accurate since 1980's, disturbances in the 
procedure may make the dose distribution different from planned distribution. Any 
insufficient dose to an area leads to failure of the treatment. A team of researchers at Long 
Island Jewish Medical center compared Dr. Ragde's seven-year brachytherapy survival data 
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with seven-year survival data from Johns Hopkins for patients who had surgery. The success 
rate for surgical patients was 97 percent compared with 79 percent for the brachytherapy 
patients.[l] 
A guidance procedure is needed to give the physicians feedback of not only the seed 
positions, but also the dose distribution from the implanted seeds to adjust the later implants 
during the surgery. Calculation speed is critical in this attempt. Traditional Monte Carlo 
methods are too slow. In this work, we will present a new deterministic method to calculate 
in the dosimetry in brachytherapy. This method provides practical means to develop guiding 
tools for brachytherapy treatments. 
1.1 Background of Brachytherapy 
Brachytherapy refers to a medical procedure involving the placement of radioactive 
source either in tumors (interstitial implants) or near tumors (intracavitary therapy and mold 
therapy) for treating certain types of cancer. The seeds then give off radiation for several 
weeks or months. "Brachy-" (therapy) comes from the Greek word meaning "short" and is 
used to name a treatment where radioactive sources or materials are placed in or close to the 
tumor. In comparison, "Tele-" (therapy) refers to radiation treatments delivered at a distance 
from the patient and the tumor (external beam radiation). In a brachytherapy procedure, the 
radiation emitted from the seed doesn't need to transverse healthy tissue around to reach the 
tumor resulting in decreased toxicity to noncancerous tissue and escalation of local radiation 
dose. Brachytherapy can be used in situations where surgery is not possible, not optimal or 
in the situation where prior dose-limiting external radiotherapy has already been given. 
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There are three different techniques applied to different clinical cases. Endocavitary 
brachytherapy is used to treat the vagina, lungs, and uterus tumors. In an endocavitary 
brachytherapy, a radioactive source is positioned in the cavitary with a special instrument and 
stays at the position for a predetermined time to deliver therapeutic dose into the target. 
Superficial brachytherapy is a treatment of skin tumors. The radioactive source is placed in a 
special applicator and at a fixed distance from the target for a certain time interval. In these 
two treatments, Iridium-192 is the most commonly used isotope. In an interstitial 
brachytherapy, radioactive sources are implanted inside the treatment target and left 
permanently in the tissue. The isotopes in most of the seeds available for an interstitial 
brachytherapy these days are Iodine-125 or Palladium-103. Both of these isotopes give off 
low energy X-rays with the majority of the radioactivity released within a few months. 
Prostate cancer is well suited to interstitial brachytherapy. The prostate gland is 
located in front of the rectum and under the bladder. Its special location requires that the 
radiation has to be focused in the prostate to avoid side effects. The prostate is also close to 
the skin and can be easily reached by brachytherapy needles. In prostate brachytherapy, 
seeds are placed directly into the prostate gland with a template and a specialized "gun" using 
needles that permit the precise placement of each radioactive seed. Since only a small 
volume of prostate tissue is irradiated by each seed, as many as 100 seeds must be placed 
throughout the prostate to cover the entire prostate gland and the cancer site. The number of 
seeds implanted into the prostate for treatment depends on the size and shape of the prostate 
gland, and the activity of the individual seeds as well. In a typical surgery, approximately 
one hundred seeds may be implanted into the prostate with a volume of 50cm3 through 
eighteen or more needles. Because of the low energy X-rays released, radiation exposure to 
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adjacent normal organs is reduced. Figure 1.1 shows the actual size of these seeds compared 
to a penny coin. Figure 1.2 provides an X-ray image showing the distribution of seeds in a 
prostate brachytherapy treatment. 
Figure 1.1 Size of radioactive seeds compared to a penny coin. 
Figure 1.2 An X-ray image showing the distribution of seeds in a prostate brachytherapy treatment, (image 
from http://www.agingresearch.org/brachy/brachytherapy.html) 
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1.2 History of Brachytherapy 
Brachytherapy is not a new procedure but represents one of the earliest radiation 
therapy techniques for the treatment of prostate cancer. In the early 1900's, radioactive tubes 
or needles were surgically inserted through the skin or urethra into the prostate gland.[2,3] 
These radioactive sources were left in the patient for a specified number of hours before 
being removed to deliver the prescribed dose. In the early evolution of brachytherapy, this 
treatment was utilized for local tumor control in selected patients whose treatment was 
relying solely on implanted radioactive sources. Later it was combined with external beam 
radiation to decrease complications and improve the cure rate. 
Among these attempts, Alexander Graham Bell first proposed the use of radioactive 
seeds placed within the prostate to treat prostate cancer in 1903.[4,5] He wrote "There is no 
reason why a tiny fragment of radium sealed in a fine glass tube should not be inserted into 
the very heart of the cancer, thus acting directly upon the disease material. Would it not be 
worthwhile making experiments along this line?" Dr. Young had a practice of using 
intraurethral radium to treat prostate cancer and received encouraging results in 1910. 
Brachytherapy, also called interstitial seed implantation, was first described in the Journal of 
the American Medical Association in 1917.[6, 7] In 1930, Dr. Flocks, an urologist in Iowa, 
first injected radioactive colloid gold liquid into the prostate for treatment.[8] In the early 
1970's, Willet Whitmore, M.D. and Basil Hilaris, M.D. first performed prostate seed implants 
in Memorial Sloan Kettering Cancer Center, New York. [9] They inserted needles containing 
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radioactive seeds directly into the prostate through an incision in the abdomen. During the 
procedure, the seeds were dispersed throughout the gland, one by one. However, results for 
this new technique were not very promising, because surgeons could not see within the 
prostate and the seeds were not placed evenly throughout it. A poor distribution of the 
radioactive seeds led to a non-uniform radiation dose distribution and disappointing 
treatment results. 
In 1983, Hans Holm, M.D., University of Copenhagen, Denmark, was the first 
physician to perform the "closed" or "non-surgical" implant method utilizing transrectal 
ultrasound (TRUS), which allowed surgeons to see inside the prostate and place the seeds 
uniformly within it. [10] What had once been a major surgery soon became a 1 -hour 
outpatient procedure. Computerized dosimetry and improved visualization of the prostate 
gland with both ultrasound and fluoroscopy (X-rays) have resulted in improved delivery of 
the radiation dose moving brachytherapy into a more prominent position in prostate cancer 
treatment. Brachytherapy became an appealing option for treating many cancers because of 
its ability to deliver a higher localized dose to a limited area, reducing the radiation dose to 
surrounding tissues. Two years later, Holm's approach was further modified by Haakon 
Ragde, M.D., John Blasko, M.D. and Peter Grimm, D O. from the Seattle Prostate Institute 
(SPI) in Seattle, Washington.[12] They were the first to perform ultrasound-guided prostate 
implant brachytherapy in the United States. The transrectal ultrasound verifies that the 
prostate volume is appropriate, and is used to determine the number, activity, and precise 
coordinates of each seed's placement in three dimensions. This form of radioactive seed 
implantation is called transperineal interstitial permanent prostate brachytherapy (TIPPB). 
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During the last 17 years prostate brachytherapy and in particular the "Seattle" approach has 
been widely accepted as an effective treatment for prostate cancer. [13,14] 
1.3 Motivation and Goal of This Research 
Recent developments in ultrasound, computed tomography and fluoroscopy have 
made brachytherapy a widely used and mature technique to treat various cancers, especially 
prostate cancer. In the brachytherapic clinical practice, a dose calculation software is used to 
define the treatment plan. Source position and exposure time are used to determine the scope 
of treatment in endocavitary and superficial brachytherapy. In interstitial brachytherapy, the 
number of sources and positions of each source determine the therapeutic dose deposited into 
the targeted volume. The available commercial software is fast from computational point of 
view. The calculation efficiency is achieved by simplifying approximation assuming tissue 
absorption to be that of water and sources as point sources. Dose distribution from a single 
seed for interstitial brachytherapy is based on analytical calculation methods or 
measurements and is given in the dosimetry protocol defined in AAPM document TG-43, 
which is summarized in the appendix.[15,115] The parameters defined in the dosimetry 
protocol are provided by seed manufactures and are used to calculate the dose distribution 
around a seed. In a multiple seeds situation, the dose distribution is calculated by 
superposing single seed distributions. Those simplifications lead to a rough approximation 
of dose calculation. Also specific software is provided just for each specific brachytherapic 
treatment (i.e. endocavitary brachytherapy, superficial brachytherapy, interstitial 
brachytherapy) and a general brachytherapy dose calculation software is not available yet. 
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Due to the nature of the procedure, dose calculations play a very significant role in 
brachytherapy procedures. Dosimetry work is carried out for single seed cases. Radial and 
traversal symmetry and environment homogeneity enables a few data points to represent 
absorbed dose distributions for a single seed. AAPM TG-56 addresses issues related to the 
implementation and practice.[16] AAPM TG-60 covers intravascular brachytherapy related 
issues. [17] TG-64 focuses on the permanent prostate seed implant brachytherapy. [18] 
There is a very large body of work that eventually led to development and adaptation of the 
protocols and formulations in these reports. Computational dosimetry is important in the 
formation of these reports. The current art of computational dosimetry rely on Monte Carlo 
methods. In Monte Carlo methods, the computation time increases proportionally with the 
numbers tally points (positions where the dose rates are calculated) and history numbers 
(numbers of particles to simulate the photon transportation). When the geometry becomes 
complicated, and multiple seeds are introduced, the computation time increases substantially. 
So Monte Carlo method is not suitable to calculate dose distribution around radioactive seeds, 
especially in the situation where interseed effects are presented and the superposition of 
single seeds dose distribution leads to significant error (5-10% overestimation as presented in 
this work). Although deterministic algorithms have been developed for some time and used 
for various radiology calculations, only a few reports on the application of deterministic 
algorithms for brachytherapy dosimetry are available.[19-21] 
In typical implementations, 50-100 radioactive seeds are inserted into a volume of 50 
cm3, as reported by Coursey and Nath in 2000. [22] There is some new literature about 
addressing tissue heterogeneity by computing heterogeneity factors.[23-26] The seeds 
consist of titanium capsule of and usually contain markers made of high atomic number high 
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density material (lead, tungsten, silver or gold) for better radiograph localization. All these 
materials efficiently attenuate the low energy photons emitted by 125I or 103Pd radionuclides. 
The presence of strong photon absorptions distorts dose distributions significantly. Although 
this issue has been acknowledged in TG-64, there is little work carried out in this area except 
in a couple of papers from Burns and Raeside and Meigooni et a/.[27,28] The current 
technique used to calculate dose rate in the irradiated volume is to superpose the single seed 
dose rate. The calculations of Burns et al. and experimental study from Ali Meigooni et al. 
showed that dose perturbation depends on the size and geometry of a single implant. It's 
hard to use the correction factor for multiple seeds because the positions and orientations of 
every seed need to be considered. Although the existence of interseed effects was confirmed 
in these works, calculations with the Monte Carlo method in the multiple seed case are much 
more expensive than the calculation for a single seed. 
In this work, we present a new deterministic algorithm (Integral Transport Algorithm) 
that is capable of computing three-dimensional absorbed dose distributions for multiple 
sources. The goal of this work is to provide a sufficiently fast simulation tool to calculate the 
dose rate distribution of multiple seeds with the consideration of interseed effects. In the 
simulation tool, the model of the seed is close to the real structure and is not just a simple 
point source. The tool can handle multiple seed calculations with arbitrary positions and 
orientations. Since the algorithm is based on spatial discretization, it's easy to calculate dose 
rate distribution and to model arbitrary heterogeneity geometry because dose rate is 
calculated for each mesh. Compared to the Monte Carlo methods, the deterministic 
algorithm represents a much faster means for computing the dose distribution for multiple 
seed cases. Because the calculation includes all the seeds and considers interseed effects 
between the seeds, the result is more accurate than superposition of single seeds dose 
distribution. 
The ultimate goal of this work is to provide real-time calculation of dose rate 
distribution and provide 3D images of dose distribution as a guide for physicians to evaluate 
the dose-rate distribution during surgery. This would enable attending physicians to make 
adjustments to the preoperative plan to ensure that the cancerous tissue is adequately covered. 
1.4 Overview of Chapters 
Introduction of brachytherapy, motivation and goal of this work is included in this 
chapter. In chapter 2, a literature review on brachytherapy dosimetry will be presented. 
Prior works on brachytherapy and stochastic algorithms, other deterministic algorithms will 
be introduced. Chapter 3 includes the description of the radiation transport governing 
equations. In chapter 4, we will describe the development and the implementation of the 
deterministic algorithm used in this work. It provides details on the governing equations, 
computation schemes, fluorescence flux calculations, simulation of surface source, handling 
of heterogeneity. To improve the calculation speed, the program is parallelized with MPI 
(Message Passing Interface). Spatial decomposition and angular decomposition are two 
schemes used in different stage of the whole calculation. The development of the 
parallelization algorithm is included in chapter 5. In chapter 6, we provide dosimetry data 
for point sources, 125I model 2301, and model 6711, as computed by this new algorithm, and 
compare data to the literature and Monte Carlo results. The interseed effect is also discussed 
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in this chapter using a two seed problem and a benchmark problem with 81 seeds in the 
prostate. The last chapter (chapter 7) includes conclusions of and future works. 
1.5 Seeds Used in Interstitial Brachytherapy 
There are many commercial sources available for brachytherapy. The most 
commonly used isotopes in the brachytherapy sources are Iodine-125 and Palladium-103. 
Figures 1.3 and 1.4 show the structures of commercially available seeds. There are two types 
of internal cores, a rod and a sphere. There are four categories of materials used for the 
internal core: (a) High-Z materials, (b) Resin, (c) Ceramic, (d) Glass. These properties of the 
sources are listed in table 1. 
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In this work, we focused on two types of seeds, Nycomed-Amersham model 6711 
(figure 1.4 (1)) and Best Medical® model 2301 (figure 1.4 (7)). The dosimetry of these two 
seeds follows protocol TG-43(Appendix Al), using our new deterministic algorithm. Details 
of these two seeds are listed in table 1.2.[60] These two seeds use l25I as the radiation 
source. They have a cylinder core encapsulated in titanium shell. The internal core of model 
2301 and 6711 are tungsten and silver respectively. Tungsten emits a characteristic K lines 
from 57.9 keVto 69.508 keV and L lines from 8.33keV to 12.09 keV. These lines do not play 
a role in the dosimetry of Model 2301, because the K lines will not be activated and photons 
from L lines are absorbed instantly in titanium shell and medium due to the large attenuation 
coefficient. Silver has characteristic fluorescence lines with energy ranging from 22A0keV 
to 25.25keV and contribute 10-20% of the dose in the vicinity of the source. So the 
fluorescence flux is an important part in the calculation for model 6711. Model 6711 has 
much thicker welding on the two ends, while model 2301 has radioactive material on the 
ends of its internal core. These differences of the structure lead to the anisotropic distribution 
of the dose rate of these seeds that are quite different. Details of the dosimetry of these two 
seeds are included in chapter 6. 
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Table 1.1 Physical properties of commercially available brachytherapy sources 
Model Isotope Internal core Construction of 
type Internal core 
(1) N y corned-Amersham 6711 USI Cylinder Silver 
(OncoSeed)[29] 
(2) Sycor PhamaSeed[30] 125t Cylinder Palladium 
(3) UroMed Symmetra[31,32] 125t Cylinder Ceramic/Gold 
(4) SourceTech Medical, 125Implant 125j Cylinder Aluminum/Gold 
(BrachySouce) [33,34] 
(5) Inc. (IBT) InterSouce125 [35,36] 125r Cylinder tube Titanium 
(6) Med-Tec I-Plant[37-39] 125t Cylinder Ceramic 
(7) Best Medical Model 2301 [40-42] 125t Cylinder Lead 
(8) Nycomed-Amersham 125 r Sphere Resin/silver 
6702[21,29] 
(9) UroCor ProstaSeed[43,44] 125t Sphere Silver 
(10) Imagyn IsoSTAR[45] 125t Sphere Silver 
(11) Mentor's IoGold[46] 125t Sphere Resin/gold 
(12) Draxlmage BrachySeed [47-49] 125t Sphere Titanium 
(13) InterSource-103, Model i°3Pd Cylinder Platium/Iridium 
1031L[50,51 ] 
(14) Best Palladium-103 Model "»Pd Sphere 
2335[52,53] 
(15) Model Med 3633 [54-56] "»Pd Sphere Rasin/Alloy 
(16) TheraSeed®, Model 200[57-60] a
 
2
 
Cylinder Lead 
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Table 1.2 Physical characteristics of Model 2301 and 6711 source 
Source Marketing Company Best Medical International Nycomed-Amersham 
Source Trade Name Model 2301 OncoSeed (6711) 
Source Model Name Model 2301 6711 
Manufacturing Location United States United States 
External Length 4.95 mm 4.5 mm 
External Diameter 0.8 mm 0.8 mm 
Wall Thickness 0.04 mm Single wall tubing 0.05 mm 
End Design Laser Welded around end of tube Laser Welded (Semi-circle) 
End Thickness 0.14 mm 0.5 mm 
Internal Design Type Rod (Marker) Rod 
Rod/Wire/Cylinder Length 3.75 mm 3.0 mm 
Rod/Wire/Cylinder Outer Diameter 0.25 mm 0.5 mm 
Marker Type Tungsten Marker Silver Wire 
Marker Diameter 0.25 mm 0.5 mm 
Internal Design Construction l25I adsorbed onto 0.1 mm thick l25I adsorbed onto Silver-halide rod 
organic matrix coating tungsten 
marker 
Radiographic Marker Tungsten Marker Silver Wire 
Minimum Source Strength 0.2 mCi 0.1 mCi 
Maximum source Strength 1.0 mCi 1.0 mCi 
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CHAPTER 2 LITERATURE REVIEW 
In this chapter, we will provide a literature review on point and volumetric source 
dosimetry, the application of deterministic approach in brachytherapy dosimetry, and the 
heterogeneity correction factor and interseed effects in multiple seed situations. 
2.1 Point Source Dosimetry 
Point sources are the simplest form of sources. The real sources used in 
brachytherapy are often treated as point source in dose rate calculations. Point source 
problems are also used as test problems to verify algorithms to calculate dose distributions. 
Berger, Dale, Burns, Williamson, et al. reported 125I point source dose distributions based on 
experimental and computational work. [62-64,27] In these works, a point source was placed 
in phantom water medium. These reports provided similar results. Burns' result from Monte 
Carlo calculation falls constantly between Monte Carlo calculation from Dale and the result 
from Berger based upon the buildup factor data. Burns' results were 3% lower at 1 cm and 
10% lower at 5 cm than Dale's results. Williamson et al. developed a convolution algorithm 
and used it to calculate the radial dose distribution from 125I and 137Cs point sources. Their 
results were within 2 % of the Monte Carlo benchmark calculation and were 10 and 20 times 
respectively faster than Monte Carlo method. In this work, dose distributions for l25I and 
137Cs point sources are calculated using integral transport algorithm and compared to result 
from literatures. 
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2.2 Dosimetry of Volumetric Sources 
There are many interstitial brachytherapy seeds available commercially. Reports of 
dosimetry are available for each type of seed. In this work, we focus our study on two 125I 
seeds. They are Nycomed-Amersham model 6711 and Best Medical® model 2301. 
Model 6711 seed was first introduced in 1983.[15] It has a silver cylinder core and is 
distinct from the previous model 6702 which has a 3 sphere core structure (as show in figure 
1.4 (1)). Shortly after its introduction, Ling et al. measured the dose distribution using a 
silicon diode detector and calculated dose distribution using the Berger method.[65] They 
observed significant amounts of silver fluorescence x-ray (22.1 and 25.2 keV). Ling et al.  
later in 1985, measured relative dose distribution of model 6711 seed in a water phantom. 
The two dimensional measurement of the dose distribution was expressed as a function of 
angle between 0° and 90° from the seed axis and distances between 1 and 6 cm.[66] Burns 
and Raeside in 1987, used their Monte Carlo code to study the model 6711 and obtained two 
dimensional relative dose rate data.[27] Williamson et al. performed a Monte Carlo 
calculation study for seeds 6711 and 6702 in 1988 and their result showed good agreement 
with the experimental values from Ling et al. [67] In 1990, transverse axis dose rates from 
1.0 to 8.0 cm were measured by Nath et al. in a solid water phantom using LiF TLD's in a 
solid water phantom for 6711 and 6702 seeds.[68] Dose rate constants they measured for the 
two seeds were 1.08±0.03cGyh 'lf1 and 1.14±0.03cGy/f/Lr'.(U is the unit of air kerma 
strength 1U = 1 jLlGym2h~] =\cGycm2h~\ for more details of calibration protocol, please 
refer to the appendix) Later in 1993 they measured the anisotropy of dose distribution 
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around l25I sources.[69] Isodose rate contours were determined using a bivariate 
interpolation and smooth surface fitting algorithm. The 4#averaged anisotropy factor <pM i  
calculated for model 6711 in this work was 0.94. 
The model 2301 seed is a double encapsulated l25I source designed by Best Medical 
International for interstitial brachytherapy seed implant. In 2000, Meigooni et al. carried out 
LiF TLD measurements for model 2301 seed.[40] They determined dosimetric 
characteristics of this source from their experimental result, following the AAPM TG-43 
formalism. The dose rate constant they measured was 1.01±0.08cGyh 'lT1 and anisotropy 
constant was 0.982. Nath and Yue performed a similar measurement and they got a dose rate 
constant 1.02±0.08cG),/i"yC/"y in 2002.[70] Sowards et al. used a Monte Carlo method to 
compute dosimetric parameters of the model 2301 source in liquid water in 2002.[71] Their 
calculation provided a dose rate constant of 1.0\±0.03 cGyh.'1 If '. The anisotropy constant 
they calculated was 0.98. Their independent calculation result is in good agreement with 
those measurements by Meigooni, Nath and Yue. 
2.3 Deterministic Methods 
Deterministic algorithms to calculate radiation transport have been developed for 
many years, but until recently, there were very few reports of the implementation of 
deterministic algorithms in brachytherapy dosimetry. The two main approaches used in 
brachytherapy dosimetry are based on the discrete ordinales method and the integral transport 
method. 
The discrete ordinales method has been employed to determine dose distributions 
induced by single volumetric homogenous seeds, high-dose rate l92Ir seeds and 125I 6702 
seed.[19-21] DANTSYS is a two dimensional discrete ordinales transport code that was used 
by Daskalov et al. for brachytherapy dosimetry applications^ 19] They first used the code to 
calculate dose from a simple cylinder shape volume source shielded by Ti, Fe, or Pb. They 
compared the results with those from Monte Carlo Photon Transport (MCPT). DANTSYS 
uses internal stochastic ray-tracing algorithm to calculate the uncollided photon flux to 
mitigate ray effect. Four kinds of source, l25I, 100keV monoenergetic, 192Ir, and l37Cs were 
calculated. The largest discrepancy from MCPT results was always less than 5% as far as 
10cm from the source, when using a cross section library with 210 energy groups. Their 
result showed that a P% Legendre polynomial expansion provides sufficient angular 
approximation of the photon scattering for all the energies and materials studied in their work. 
Their results also showed that 210 angles per octant are sufficient to achieve satisfactory 
accuracy. They compared the performance of their tool with DORSRZ EGS4, a Monte Carlo 
code in cylindrical r-z geometry using the same number of grid cells. The results showed 
that the CPU time of discrete ordinales algorithm(DANTSYS) is only 20%~43% of the 
Monte Carlo code(DORSRZ EGS4) for different sources and shields.  Later,  Daskalov et al.  
used DANTSYS to calculate dose distribution for 125I model 6702 seed.[20] Though their 
210 energy group library had shown good accuracy, they used broad three-group libraries 
with spectral weighting functions derived from materials of spatial cells for better calculation 
efficiency. They showed that calculations based on the broad libraries can obtain accuracy of 
dose distribution with 3%-5% relative to Monte Carlo over a broad range (7cm) from the 
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seed and made the calculation 125 times faster than simulations with 210 energy groups 
library. [21] 
The preliminary brachytherapy dosimetry based on the integral transport equation and 
direct integration method has been reported recently by Zhou and Inane in 2000, 2001, and 
2003.[72-74] In contrast with discrete ordinales method, direct integration method samples 
scattering kernel directly rather than using a Legendre expansion. Therefore, any energy 
group structure, regardless of any precompiled libraries, can be implemented. This is 
important for cases where the energy spectrum of the photon flux varies very rapidly and 
requires fine energy structures. 
2.4 Heterogeneity and Correction Factors 
When radioactive seeds are implanted into human tissue, they induce strong 
heterogeneity into the tissue. The applicator to deliver seeds, seed self absorption, tissue-air 
interfaces, tissue-composition variations can all influence the dose distribution and cause 
distribution to deviate from homogeneous medium distributions. There are some reports on 
using heterogeneity correction factors to get the correct dose distribution for heterogeneous 
medium by using dose distribution calculated for homogeneous medium. 
Williamson et al.  in 1991 used a 3-D convolution algorithm first developed by Boyer 
in 1986 to calculate correction factors for 125I and 137Cs point sources for the cases that have 
an air void and titanium disk as heterogeneity in homogeneous phantom water.[75,64] They 
compared their results with Monte Carlo photon transport calculations. The difference was 
found to be 3%. In 1993, they presented a study of dose perturbation factors arising from 
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bounded heterogeneities of lead, steel, titanium, silver, aluminum and air near brachytherapy 
sources of 125I, l37Cs, 192Ir.[25] That was an experimental work using silicon diode detector. 
The heterogeneity correction factors derived from Monte Carlo calculations have good 
agreement with those from experimental measurement (within l%-3%). Those results 
indicated that "heterogeneity corrections highly depend on heterogeneity location and lateral 
dimensions as well as thickness". This may imply that finding a general expression for 
heterogeneity correction factor is hard. 
Meigooni and Nath also performed research on inhomogeneity correction for 
brachytherapy source.[24] In their study, the heterogeneity was a cylinder polystyrene shell 
in Solid Water® with cylindrical symmetry (Solid Water® is a phantom material which 
attenuates and scatters x-rays the same way as water without storage charge problems). They 
measured correction factors for l03Pd, 125I, and 241 Am brachytherapy sources and compared 
them with the results from Monte Carlo calculations and had good agreement (<1%). They 
developed a dose calculation formulation in heterogeneous medium based on the 
experimental data. The accuracy of the formulation was tested only for points along the 
transverse axis in a cylindrical geometry. 
2.5 Inter seed Effects 
There is some new literature about addressing tissue heterogeneity by computing 
heterogeneity factors. As an example, model 6711 seeds consist of titanium capsule of 0.8 
mm diameter and -4.5mm length with side wall thickness of 0.05mm and contain a marker 
made of silver for better radiograph localization. All these materials significantly attenuate 
the low energy photons emitted by l25I and 103Pd radionuclides. In a multiple seed case, 
attenuations by multiple seeds introduce a heterogeneity level that cannot be tackled by the 
heterogeneity factor approach which is suitable for very simple cases (for example, a two 
seed problem). Presence of strong photon attenuations by the seeds distorts dose 
distributions significantly. Although this issue has been acknowledged in TG-64, there is 
little work carried out in this area except in a couple of papers by Burns and Raeside, and 
Meigooni et al. [27,28] The current technique to calculate dose rate in the irradiated volume 
is to superpose single seed dose rate. The ignoring of shadow effect from the seed material 
in this technique leads to overestimation of the dose field in the vicinity of the seeds. 
Burns and Raeside used Monte Carlo simulations to calculate the perturbation of 
single seed dose distribution with the presence of one and three non-radioactive neighboring 
seeds for seed 6702 and 6711. [27] Their calculation showed clear shadow effects between 
seeds. For example, in a coplanar quadruples problem they calculated, the dose rate from a 
single active seed can have a perturbation factor as low as 0.29 in the shadow area behind 
other seeds. They also calculated the dose perturbation in single and two plane implants with 
16 seeds (4X4) in each plane. For single plane implants, they estimated a maximum 
perturbation of 15% with 0.5cm and 6.0% with 0.75cm spacing. For two plane implants, the 
maximum perturbation they calculated was of 9.8% with 0.5cm spacing. By comparing the 
results, they pointed out that "The addition of more seed planes tends to smooth the 
perturbation effect, because inter-plane perturbation are small and because more unshadowed 
sources contribute dose to any particular point". Their calculation showed that dose 
perturbation depends on the size and geometry of the implant and they concluded that "It 
would be difficult to correct a multiple seed dose distribution for perturbation effects, since 
this would require knowledge of the orientation of individual seeds as well as the location of 
their centers". 
Meigooni et al.  carried out an experimental study on interseed effects in interstitial 
brachytherapy implants using l25I models 6702 and 6711 seeds. [28] Their computational 
data provided results similar to their results from the experiments. The three cases were 
studied by them: (1) three seeds parallel to each other, (2) three seeds located along the same 
longitudinal axis, and (3) two layers of 3x3 seeds. They concentrated their effort on the 
points outside the implant volume and its periphery. Their results showed an interseed effect 
of 6% with 4% uncertainty at the periphery of the implant. They also observed a larger 
interseed effect when the sources are parallel to each other (case 1) compared to the source 
configuration in which longitudinal axes of source are coincident (case 2). 
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CHAPTER 3 RADIATION TRANSPORT GOVERNING 
EQUATIONS 
3.1 Deterministic Transport Equation 
Deterministic transport theory provides a rigorous description of the radiation field. 
The solution to the transport equation gives the expected fluence or flux in the problem 
domain. There are various methods to solve the transport equations. Although solutions of 
the transport equation based on deterministic methods can be achieved only if energy, space 
and angular domains are discretized, they still provide results that are adequately accurate. 
One important aspect of these results is that they may provide detailed distributions of the 
sought quantities, such as flux and absorbed dose in multiple dimensions. Therefore, the 
deterministic methods, even though they are known to impose significant memory 
requirements, are likely to provide an alternative to the stochastic methods for multiple 
volumetric seed dose computations. Transport equation based on deterministic methods 
started to emerge in brachytherapy dosimetry only recently. [19-21] 
Consider the particle with energies in dE about E moving in dQ. about the direction 
Q in an arbitrary volume V enclosed by surface S.[76] To obtain the steady state, the loss in 
the volume must be the balanced by the gain in the volume. The equality below must be 
satisfied: 
the net flow rate rate at which rate at which secondary rate of 
out of V across S + particles = particles of energy E and + production 
interact in V direction Ç1 are by sources 
produced in V 
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Figure 3.1 Coordinate system for integrating the transport equation 
The equation can be mathematically expressed as below: 
"n-V/(r,£,fi) + Z(r,£)/(r,£,fi)- J 
I pF Z(r,E E , r,F,fi') + S(r,E , Q.)j 
where 
(3.1) 
r is spatial coordinates vector (x,y,z), 
E is photon energy, 
Q is direction vector, 
I(r,E,Sl) is angular photon flux per unit volume about point r, in dE about E in direction 
dQ. about the direction Q, 
S(r,E,Sl) is angular production rate of particles per unit volume about point r, in dE about 
E in direction dQ. about the direction O, 
Z(r,E) is the total interaction coefficient or total macroscopic cross section, 
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E(r,F—> £,ft'-ft) is scattering cross section, which is probability of scattering photons 
traveling in direction ft' with energy F into direction ft with a final energy E, in an 
arbitrary volume V enclosed. 
Since the volume is arbitrary, the integrand in equation 3.1 must be zero as shown 
below: 
ft - V/(r, E, ft) + Z(r, E)I(r, E, ft) = 
r r (3.2) 
pF pft' £(r, F -» E, ft' -> ft)/(r, F, ft' ) + S(r, E, ft) 
Equation 3.2 is known as integro-differential form of the Boltzmann transport equation. To 
solve the equation, normally, we need to specify the boundary conditions. Usually the 
surface flux is taken to be zero for the inward directions: 
/(rr,Fft) = 0 for ft n<0 (3.3) 
where F is the boundary, and n is the surface normal. 
Equation 3.2 can also be expressed as: 
ft - V/(r, E, ft) + Z(r, E)I(r, E, ft) = q{r, E, ft) (3.4) 
where 
q(r,E,fl)  = pFpft'Z(r,F-^Fft'^ft)/(r,F,ft') + S(r,Fft) (3.5) 
The transport equation can be written as an integral equation as well. To derive the 
integral form of the transport equation, let r = r'-RQ, R is measured along the direction 
opposite to ft. Then equation (3.4) can be written as 
- — V/(r'-flft, E, ft) + Z(r'-/?ft, E)I( r, E, ft) = q(r'-R£l,  E, ft) (3.5) 
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To solve first order linear differential equations for nonzero boundary conditions, multiply 
both side of the equation by e~-°Z(r , integrate over R and replace r' by r, we can get: 
I(r,E,Sl) = /(r - R rn,E ,n)e- l* r l ( r-R '*E ) , i R '  
+  ^ rdR'q(r-R£l,E,a)e~ s* * r~R"n-E ) d R" (3.6) 
Equation 3.6 is the most general integral form of the transport equation and this form 
of the transport equation forms the basis of the approach used in this work. 
3.1.1 Common Approximations Used in Solving Transport Equation 
The transport equation is normally too complicated to solve analytically. There are 
very common approximations, used in solving transport equation for the flux. One of them is 
multigroup approximation used for discretizing the energy domain. Another is 
approximating scattering kernels by Legendre expansions. Using spherical harmonics for 
approximating angular flux is a very common approximation as well. 
A. Multigroup Approximation 
The steady-state transport equation is generally too complicated to solve. A 
multigroup approximation is used to removed the energy dependency and simplify the 
equations.[79] Specifically, the energy range (0, E0), where E0 is the highest energy for the 
particles, is subdivided into G contiguous energy intervals. So the equation turns into: 
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il • VI g  (r, fi) + 2g (r)IK  (r, il) = 
f (r,ft'-4 îl)Ig.(r,£2') + 5/r,Î2) (3.7) 
where the gth-group flux density and source are defined as 
Ig ( r , 0 )=f"- ldEI( T ,E ,£l) (3.8) 
S x(r,î i)= £"dES(r,EM) (3.9) 
g=l, 2, , G. 
and the group total attenuation and scattering transfer coefficients are defined as 
Z, = 1-~ t 'dEZ(r,E)I(r,E,Q) (3.10) 
* I x(r,Sl) k> 
Z .  = Î f ' - 'dE f* "dE"L(r,E'-> E,£l '~* ti)/(r,£',n') (3.11) 
Ig.(r,Q') j£< j£,' 
These group cross sections in equation (3.10) and (3.11) depend on flux which must be 
known first. Group cross sections can be approximated without first knowing the flux 
density by introducing a weight function w(E) to separate the energy dependence from flux /: 
I(r,E,£l) ~ w(E)I(r,Q.). Then equation (3.10) and (3.11) become 
Z, = / (3.12) 
Z .  =— fg  'dE f s"dE'Z(r,E'-+ E,&^Çl)w(E') (3.13) 
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B. Legendre Expansion for Scattering Kernel[80] 
Consider a planar geometry, in which the source depends only on the polar angle, the 
transport equation may be written as: 
jU a / ( x ; +  Z(x, E )I(x,  E, SI) = S(x, E, Q) 
dx 
+ p£"|j£2'Z(A:,£"—> E,/tl0)I{x,E {  ,SÏ) 
Expand the scattering function in Legendre polynomials 
Z( a, E' E, ^  ) = (2/ + 1)Z, (A:, E' E)^ ) (3.15) 
where the expansion coefficients are given by: 
Z;(x,E'-> E) = 4^£dju0P, (ju0)E(x,E'—> E ,jU0) (3.16) 
and juQ  = SI'SI 
C. Spherical Harmonics Method 
The spherical harmonics method is based on expanding angular flux into spherical 
harmonics.[81] The scattering kernel is expanded into Legendre polynomials. The resulting 
approximation equation is subjected to a weighted residual scheme to obtain a set of first 
order equations. Addition theorem of Legendre polynomials given by equation (3.21) plays 
an important role in some approximation. 
=  +  pa l )  
m=i ( l  + m)\ 
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where // and // are the direction cosines and 0) and co' are the azimuthal angles specifying 
dm  
the direction and 12', /z0 is the scattering angle, P "'{H) = (-l)m(l - x1)'" '1 . 
In this approach, the angular flux and source are expanded into spherical harmonics. 
In one dimension, this expansion is done as follows 
let 
I{x,E,ju) = £I(x,E,ju,co)da> 
S (x , E , / j )  = £S (x, E , jU ,co)dco 
where // is the direction cosines and (û is the azimuthal angles specifying the direction SI. 
Angular Legendre moments Im(x,E) and Sm(x,E) are defined as 
/ ,„ (x,  E) = In £ dftPm  (ju)I(x,  E,ju) (3.17) 
Sm(x,E) = 2 71 £ djuPm  (/j)S(x,E,jU) (3.18) 
Then the angular flux, I and source S can be expressed using angular Legendre moments as: 
/(a, E,//) = J-T (2/ +1)/, (x, E)^ (//) (3.19) 
4* i=o 
^(%, E, //) = J-T (2/ + Df, (x, E)/^ (//) (3.20) 
4^"to 
In a plane geometry, insert flux source and scattering kernel expansions into equation 
(3.14), the terms containing cosm{cû-û)') vanish after integration over cû\ then 
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// + Z(z, E)/(x, E, //) = 
dx 
1 
^ (fE' g (2/ + 1)Z, (^' ^  ^  (//) j///' ^  ^ //) 
4^r - i=o 
(3.22) 
After multiplying both sides by (21 + 1)P,(//), make use of the orthogonality and 
recurrence relations of Legendre polynomial, we can get: 
(, +1) ^ '+'^'2) + f ^-'(*'2) + (% + 1)(Z,(%,E)-Z,(x,E'-> E))/,(je,E) 
dx dx 
= (2Z + 1)^(%,E) 
1 = 0, 1, ,N. 
Resulting set has (N+l) first order differential equations. 
3.1.2 Discrete-Ordinates Method 
Discrete ordinales method is based on the integro-differential form of the transport 
equation. [82] The discrete ordinales method employs a Legendre expansion for 
approximating scattering kernels. This expansion requires computation of the Legendre 
expansion coefficients for group-to-group scattering in advance for a predetermined group 
structure. If the desired energy group does not match the assumed structure, the library may 
need to be reconstructed. Although it is not an issue for 125I dosimetry due to low energy 
levels, convergence of Legendre expansion may be an issue for high-energy cases where the 
incoherent scattering is highly anisotropic. Discrete-ordinates method is distinct from other 
methods in the sense that its principle feature is the discretization of the angular variable Q. 
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The discrete-ordinates technique is presented here for the simplest case of one-dimensional 
plane geometry with azimuthal symmetry as in the previous sections. 
Consider a homogeneous slab of thickness T, the transport equation after multigroup 
approximation is: 
M + Xg  (x)Ig  (x,  jU) = £ £ dfi"Lg .g  (x,ju'  j i)Ig .(x,/ / '  ) + Sg  (x,  ju) (3.24) 
OX £'=1 
0 < x < T ,  and g  =  1,2, , G  
Where ^ (%,//) is azimuthally averaged angular source and is the azimuthally 
integrated groups-to-group transfer coefficient. 
The first step in the discrete-ordinates method is to select a finite set of directions 
{//, }, i=\,...,N, and a set of corresponding quadrature weight {w,}, then the scattering 
source integral may be approximated equation below using numerical quadrature, 
£d^1Lg ,g(x,ju'-ju)lg ,(x, / / ' )  =  £ U > Mi -»//)/,.(*,//,•) (3.25) 
/=1 
The next step is to obtain a set of N equations for I 'g(x) = / (*,//, ) from transport 
equation. For this plane geometry case, these N equations can be obtained by transport 
equation at (%: 
8/' (a) 
+ = AT, (3.26) 
<(*) = Mi)I JAx) + S[ (x) (3.27) 
*'-1 M 
The most widely used method for solving the discrete-ordinates equations is to 
discretize the spatial variable and reduce the discrete-ordinates equations to algebraic 
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equations in which the unknowns are flux density only at the spatial and angular nodes. In 
the one-dimensional geometry, the slab can be divided into K intervals by a mesh fx*}. 
Integrate over the k,h spatial interval (xk, xk+!) we can get: 
Mifri <Xi) -  1'g(x k  )]+%, £+ l  I 'g{x)dx = q'g  (x)dx . (3.28) 
i=l, . . . ,N, k=0,l, . . . ,K-l 
Assume that the mesh width Ax k  = (x k + l  - x k  ) is small enough that the flux can be estimated 
at the mesh midpoint xk+V2 = (xk+t -xk)/2, then we can get the equation below: 
H, + z , / ; ( ^ , „ 2 )  ( 3 . 2 9 )  /xxk 
where 
fi (%+„2) = " " % ^ ^  
Because the source term q'g(xk+1/2) depends on the flux densities, solution of the equations is 
done iteratively with start  of guessed initial  value for source q'g .  
Discrete-ordinates method can handle basic geometries (rectangular, spherical, and 
cylindrical) with boundaries placed perpendicular to a coordinate axis. But it's difficulty to 
solve problem with irregular boundary and geometry accurately with discrete-ordinates 
method. Spatial and angular discretizations lead to numerical truncation error. Angular 
discretization also leads to the oscillation of flux densities in spatial distribution due to the 
ray effect. 
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3.1.3 Direct Integration Method 
Direct integration does not use Legendre polynomials for approximating scattering 
kernels, but uses direct sampling of the scattering kernel. Therefore, it's more suitable to 
treat anisotropic radiation fields. The integral transport method implemented in this work is 
discussed in details in the next chapter. 
3.1.4 Diffusion Approximation 
In many cases, the angular distribution of the flux is not needed and the integrated 
scalar flux I(x,E) is desired. An approximate solution, known as diffusion approximation is 
available to provide a simple solution for such cases.[83] It's based on some simplifications 
and approximations. Angular dependency of the flux is assumed to be linear then the 
spherical harmonic expansion of flux is truncated at 1=1. The diffusion approximation is 
more suitable for locations deep in medium where the flux is nearly isotropic than the 
locations near a free surface or a source where the flux is very anisotropic in direction. 
For simplicity, consider a plane geometry in which the angular flux is azimuthally 
symmetric. To eliminate the /l dependence in equation (3.12), integrate over all direction to 
obtain continuity equation: 
dx 
(3.31) 
where 
(3.32) 
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I(x,E) = 2n^djUl(x,E , j U )  (3.33) 
Z(x,E'->E) = £ dû)^djuL(x,E'-> E,/i0) (3.34) 
Result of multiplying the transport equation by ju and integrating the result over all ft, is 
called the current equation: 
3 
or 
(3.35) dx 2n 
fdE' f_ djU'I(x,E') dû)'  |  djujuZ(x,E' E,jU0) 
Using Pi approximation 
/(je, E,//) = (2/ +1)7, (x,E)^ (//) = ^ - + (3.36) 
An An An 
where 
I0 ( x ,E) = 2n ^ d j U l ( x ,E,fi)  = I( x ,E) (3.37) 
/ ,  (x,  E) = 2n £ d/ijul(x,  E, ji)  = j x(x,E) (3.38) 
The second angular moment is approximated by 
2n| d j U f i 2I(x,  E,ju) = 2n| djLi/u ~ + ~—/^xll - —Iq(x>E) (3.39) 
An An V|J 3 
The current equation finally turns to the form below 
[%E)-Z,(x,E)^(z,E)k(^^) = -i^%^ (3.40) 
3 d x  
/',(%,E) = -D(x,E)^'^ (3.41) 
d x  
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where f i s  is the mean cosine of the scattering angle and diffusion coefficient D (x,E) is 
defined by: 
D ( x , E )  =  
3[Ux,E)-Z s(x,E)jU s(x,E))\  
(3.42) 
In equation (3.42), 
QrZ(E'->%(z,E') 
Z ,  ( % ,  E ) m ,  ( X , E )  =  4  — —  
A (a, 2 ) 
(3.43) 
This relation is also well known as Pick's law of diffusion. The final form of the diffusion 
equation is 
_d_ 
dx 
D(x,E) d I (*' £)[j + I(x,  E)I(x,  E) = S(x, E) + $dEX(x,E'^ E)I(x,E') (3.44) 
3.2 Monte Carlo Method for Radiation Transport Calculations 
Monte Carlo methods are techniques using stochastic approach to solve problems. It 
means that the methods are based on the use of random numbers and probability statistics to 
investigate problems.[84] All you need to do is to use random numbers to examine some 
problems in "Monte Carlo" experiments. You can find Monte Carlo methods in many 
disciplines, from economics to nuclear physics to regulating radiation transport. 
In using Monte Carlo methods to calculate radiation transport, behavior of individual 
particles is simulated and the mean behavior of all particles is obtained as a result of large 
numbers of individual simulation. The random procedure of the particle interactions with 
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medium is simulated to calculate the particle tracks or histories of particles. Therefore 
mathematical expressions of the probability relationships are needed in the simulations 
instead of the transport equation. These probability relationships include, the probability 
relationships to decide the track length of an individual particle, the choice of an interaction 
type at a point, the choice of new energy and new direction if the particle is scattered, and the 
choice of energy, direction and type of new particles that may have been generated (e.g. 
generation of fluorescence photons). Efforts can be focused on only specific questions that 
the user seeks to solve. For example, what is the average flux in a particular volume or 
through particular surface, what's the absorbed dose or energy deposited on a detector? 
Monte Carlo method is well suited to attack complex 3D problems which are difficult, or 
impossible, to solve analytically. The method also can deal with mixed or coupled problems 
in which neutron, photon, and electron may all be involved. There is usually no need to 
discretize cross-sections in energy domain in Monte Carlo method and continuous energy can 
be used. The accuracy only depends potentially on cross sections sampling, the description 
of the materials in the problem and the statistical nature of the problem. 
Although Monte Carlo methods are known to provide very accurate results for a wide 
range of problems for complex geometries, the efficiency of the Monte Carlo methods starts 
to degrade if the detailed distribution of the results, such as three-dimensional flux or 
absorbed dose distributions are computed. Since the volume needs to be divided into very 
small meshes for detailed distributions, obtaining enough histories contributing to such small 
volumes may not be quite easy. [77] For example, relatively small number of points can 
easily represent a three dimensional distribution for a single seed case or a point source case 
due to symmetry and medium homogeneity and Monte Carlo methods can be very efficient 
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in such a case. For other cases, where presence of multiple sources invalidates assumption 
for symmetry, computing three dimensional dose distributions through Monte Carlo 
computations may not be efficient. A prostate brachytherapy problem with 50-100 seeds 
would constitute a typical example of such a case. 
There are many Monte Carlo programs available. EGS4 is a gamma-ray interaction 
Monte Carlo code. EGS uses PEGS (Processor for EGS) to generate interaction cross section 
data for the material(s) used.[85,86] ITS (Integrated-Tiger Series) provides a Monte Carlo 
solution of time-integrated coupled electron/photon radiation transport problems with or 
without the presence of macroscopic electric and magnetic fields in arbitrary spatial 
geometry. [87] ITS Monte Carlo radiation transport codes have been used since the 1970s for 
one-, two-, and three-dimensional modeling. The GEANT program simulates the passage of 
elementary particles through the materials and was originally designed for high energy 
physics experiments.[88] Now it is used in areas such as medical and biological sciences, 
radiation-protection and astronautics. MCNP (Monte Carlo N-Particle transport), developed 
at Los Alamos National Laboratory, is a well-validated and widely used code.[89,90] MCNP 
can handle neutrons, photons, electrons and positrons. It is very versatile and ideally suited 
for research, design, and engineering work and has been an important tool in brachytherapy 
dosimetry as well. Monte Carlo methods have been used extensively for dosimetry purposes 
and there are many new reports every year that publish dosimetry results based on Monte 
Carlo studies. In this work, MCNP is used for benchmarking our deterministic code. 
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CHAPTER 4 PHOTON TRANSPORT ALGORITHM 
DEVELOPMENT 
The algorithm in this work is deterministic and governed by the integral transport 
equation. It has been shown that Monte Carlo results satisfy integral transport equation for 
large number of particles.[91] In other words, if the systematic errors induced by the 
approximations in the solution methods are disregarded, both approaches should provide the 
same answers. This chapter covers details of this algorithm and the implementation in 
brachytherapy dosimetry. 
4.1 Integral Transport Method 
The time independent form of the photon integral transport equation used in this work 
is given below. 
R- Rs 
Rr -Jz, ( r - / ? " Q , £ W  - jz,( r-fi"n,£W  
I(r,E,Sl) = jq(r- R'Q,E,Q.)e " dR'+I(r s  ,E,£l)e " (4.1) 
o 
where 
/(r, E,il)  is angular photon flux (fluence rate), 
q(r,E,il)  is angular scattered photon source, 
Z,(r,E) is space and energy dependent linear total attenuation coefficient, 
r is spatial coordinates vector (x,y,z), 
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r and r are spatial coordinates vector for object boundary and internal photon source, 
E  is photon energy, 
£î is direction vector, 
R is photon pathlength along direction vector, 
R r  and R s  are pathlengths from object boundary and internal photon source. 
z 
x 
Figure 4.1 Cartesian coordinate system forr(x,y,z) and the spherical coordinate system used for Q(Q,a). 
The Cartesian spatial coordinate system for r  and spherical coordinate system for fi are 
shown in figure 4.1. As seen in equation (4.1), photon flux is formed by two components, 
scattered (secondary) flux and uncollided (primary) flux. The first term in the right hand side 
(RHS) of equation (4.1) is scattered flux. The second one is uncollided flux. In this specific 
example, photons emitted by the seed form the uncollided flux. Introduction of fluorescence 
radiation into the formulation will be shown later in this chapter. The scattered photon 
source is given by equation (4.2). 
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q(r,E,il)= J Jl(r, £' -4 £, ft' ft)/(r, , ft1 )</Q' (4.2) 
4  kE 
where 
E(r,£"-> £,ft'—> ft) represents both coherent and incoherent scattering cross sections, 
dQ.-djuda>, 
(I is cosine of polar angle, cos(0), 
to is azimuthal angle. 
The scattered photon source around a specific direction may come from incident flux on 
other directions with different energy levels. Integration is done over the whole solid angle 
and energy domain (from a maximum possible energy Emcix to E) to obtain the angular 
scattered photon source for the direction f2 and energy E. 
4.2 Variable Discretizations 
Photon flux, scattering source in integral transport equation (4.1) are functions of 
spatial position, energy and direction. The algorithm described in this chapter relies upon 
discretization of these three variable sets. It is normally too complicated to obtain analytical 
results using continuous domain, except for the extremely simple geometries. In a 
brachytherapy treatment, the source is not isotropic and the medium around seeds is 
heterogeneous. Therefore an analytical approach is not possible. To cast the integral 
transport equation into an algorithm solvable with a computational approach, variables in the 
equation are first discretized. 
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A. Spatial discretization 
dx t  
Figure 4.2 Spatial discretization of problem domain 
For spatial variation, algorithm uses rectangular prism type meshes, as shown in 
figure 4.2. Photon flux, scattered photon source, and material properties are assumed to be 
constant in these prisms. The meshes can be either cubic (dx=dy=dz) or cuboid with 
arbitrary dimensions, decided by the dimensions of the whole problem domain and the 
number of meshes used. The variables in the calculation, such as flux, scattering source 
change substantially near the radioactive sources because the inverse square law. If the mesh 
size is too large, the rapid variation of these variables cannot be approximated by the constant 
variable approximation. Calculation shows that dose and flux distributions converge to an 
asymptotic solution when the size of meshes gets smaller. Smaller mesh size means much 
more meshes for the same problem, more memory requirement to store variables, a challenge 
to hardware resources and longer calculation time. In this work, cubic elements with 
0.25cmx0.25cmx0.25cm size are used for most of problems. As an example, dose rates for 
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three locations (r=1.0cm, 2.0cm, 3.0cm) are plotted in figure 4.3 for a 125I point source as a 
function of mesh size. We can see that dose rate at the same position increases when using 
smaller mesh size. But the change has been very small between the two results using 0.25cm 
and 0.2cm mesh size respectively. The difference between the dose rates at r=1.0cm is only 
0.3%. 
3.5x10-
co 3.0x10 -
2.5x10"-
2.0x10 -
* r-1.0cm ¥ 
r=2.0cm 
A r=3.0cm 
1.5x10' 
0.2 0.8 0.6 0.4 
Mesh Size(cm) 
Figure 4.3 Dose rate near a l25I point source with different mesh sizes 
B. Energy discretization 
Energy domain is discretized into energy groups. This approach, known as 
multigroup approach, is very common in solving deterministic transport equation.[78] In 
multigroup approach, interaction coefficients are redefined as shown in equation (4.3). 
fs ~~ £: c,-, 
jw(E)dE 
g=l,2,...,G. (4.3) 
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where 
f(E) is energy dependent quantity, 
fg  is group quantity, 
w(E) is weighing function, 
G is the number of the energy group. 
Since the energy group widths used in this work are quite narrow, around 1 keV, we took 
weighing function, w(E), in equation (4.3) as unity. The reason to use such narrow group 
width is that the properties of medium, i.e. attenuation coefficient for water changes rapidly 
with energy around the energies of a brachytherapy source, such as 125I. Figure 4.4 shows 
the total, coherent, incoherent and photoelectric cross section of water below 36 keV. The 
narrow energy group width guarantees that even the photoelectric absorption cross section 
that varies rapidly at low energy levels will not show a very rapid increase. Therefore, 
interaction coefficient in such a narrow energy group can be approximated by a linear 
behavior and median values can approximate the interaction coefficients adequately. 
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30 40 
Figure 4.4 Mass attenuation coefficients of water below 36keV 
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C. Angular discretization 
The directional dependency is expressed by polar and azimuthal angles defined in 
spherical coordinates. In this case, we assumed that the surface of a unit sphere is divided 
into patches. The direction that pierces a given solid angle mesh at the center of the mesh is 
assumed to represent all photons in the given solid angle mesh. This idea is sketched in 
figure 4.5. 
(Global Coord. Sys.Polar Axis) 
z 
(p (Scattering Angle) 
(Local Coord. Sys. Polar Axis) 
X 
Figure 4.5 A schematic representation of angular discretization 
The surface of the unit sphere is divided into surface meshes by meridians and latitudes in 
figure 4.5. One problem of this scheme to do the angular discretization is that the weight of 
each discrete direction varies a lot. For example, the solid angles around equator are much 
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larger than those near the poles. One consequence of such an unbalanced weight distribution 
is that the dose distributions from an isotropic point source are asymmetrical on x, y, z axis. 
For a point source, dose rate on each axis is supposed to be the same if the distance to the 
point source is same. Because there are more discrete directions near the poles, the dose rate 
on z axis is larger than the dose rate on x and y axis with the same distance from the point 
source. 
(Global Coord. Sys.Polar Axis) 
z 
(p (Scattering Angle) 
(Local Coord. Sys. Polar Axis) 
X 
Figure 4.6 A schematic representation of angular discretization used in this project. 
An alternative scheme is shown in figure 4.6. The idea in this scheme is that each 
direction is decided by 3 points on the unit sphere surface. Those directions are carefully 
designed to represent nearly same solid angles. Specifically, point 3 in figure 4.6 is the mid 
point one of longitude to define an octane. Point 2 is on the same longitude and the angle 
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between point 2 and axis y is /?. Point 1 is on the longitude which bisects the octane. The 
angle between point 1 and y axis is a. The other points to define the solid angles can be 
obtained using the geometry symmetry. By adjusting the value of a /?, we can make these 
solid angles have similar values. The value of directions and the solid angle in one octant are 
listed in table 4.1 and figure 4.7. So totally there are 16 X 8=128 discrete directions to 
discretize the whole solid angle. 
Z 
X 
Figure 4.7 Numbering scheme used for discrete directions in an octane. 
Table 4.1 Discrete directions and solid angles 
a Qy a Mi a Qy a AQ 
1 0.146950 0.146950 0.978167 0.098177 9 0.154137 0.824722 0.544129 0.082616 
2 0.544129 0.154137 0.824722 0.082616 10 0.978167 0.146950 0.146950 0.098177 
3 0.303313 0.303313 0.903329 0.112802 11 0.903329 0.303313 0.303313 0.112802 
4 0.154137 0.544129 0.824722 0.082616 12 0.824722 0.544129 0.154137 0.082616 
5 0.824722 0.154137 0.544129 0.082616 13 0.672023 0.672023 0.311079 0.114634 
6 0.672023 0.311079 0.672023 0.114634 14 0.544129 0.824722 0.154137 0.082616 
7 0.577350 0.577350 0.577350 0.098173 15 0.303313 0.903329 0.303313 0.112802 
8 0.311079 0.672023 0.672023 0.114634 16 0.146950 0.978167 0.146950 0.098177 
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4.3 Neumann Series 
This algorithm expands photon flux into Neumann series. [92] Each new term in this 
series is computed by using the related quantities from the previous iteration. This approach 
summarized in equation (4.4) closely follows the actual physics. 
where 
I(r,E) is photon flux (after angular flux has been integrated over 4k ), 
f0>(r,E) is uncollided (primary) photon flux, 
fk){r,E) is scattered (secondary) photon flux formed by photons that scattered (k) times. 
Since photons do not scatter many times before getting absorbed or leaving the domain, this 
scheme converges very rapidly. This successive substitutions (scattering source iteration) 
method has two advantages. One of these is that it enables one to look at the primary 
uncollided flux and secondary scattered flux separately. This is important for 125I dosimetry 
because the shape of the radiation field is defined primarily by the uncollided flux due to the 
dominance of the photoelectric absorption of the photons through most of the energy domain. 
This is important in quantifying shadow effect as well. In the shadow area, the uncollided 
flux is blocked totally or attenuated by material with large absorption cross section and 
secondary flux from surrounding area is the main part of the total flux. It also becomes 
possible to implement a first collision source algorithm to mitigate ray effects that are typical 
(4.4) 
to the discrete ordinates type algorithms as reported by Alcouffe et al. in 1990. [93] Ray 
effects are unphysical fluctuations in photon flux and dose distributions and they are known 
to be caused by localized sources and sinks.[94-96] 
Since the quantity sought in this work is the energy deposited in the tissue, scalar flux 
is more important than the angular one. Therefore, photon fluxes in equation (4.4) have been 
integrated over the solid angle and they are ready to be converted into absorbed dose. 
Although the upper limit of the summation in equation (4.4) is infinity, it is truncated when a 
convergence criterion is satisfied. The reason for that is photons with large energies are 
subject to large energy losses through incoherent scattering and they quickly slow down to 
energy levels where photoelectric absorption dominates. Once that happens they are 
absorbed immediately. For low energy range as in 125I case, photoelectric absorption is 
already dominant and small fractions of photons that scatter are absorbed after a couple of 
interactions. 
4.4 Interaction Coefficients 
Photon energies from isotopic sources in brachytherapy treatment are normally below 
lMeV. 137Cs sources emit photons with an energy of 662keV, and energies of photons from 
125I sources are below 35.5keV. For these energy ranges, only the photoelectric effect, 
coherent and incoherent scattering mechanisms of interaction are possible. Pair production 
starts at higher energy levels therefore it is not taken into consideration. 
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A. Photoelectric absorption cross sections 
In the photoelectric process, there is a collision between a photon and an atom 
resulting in the ejection of a bound electron. The process is most likely to occur if the energy 
of the photon is just greater than the binding energy of the electron. The ejection of the 
electron forms a vacancy in the atom and raises the atom into an unsteady state. The filling 
of vacancy from higher energy levels can produce fluorescent radiation, which has an 
isotropic angular distribution. This becomes important if materials, such as silver and gold, 
are used as markers in the brachytherapy seed. The fluorescent radiations from these 
materials have energies that are high enough to have an impact in the immediate vicinity of 
the seeds before they are totally absorbed by the medium. But for low atomic number 
materials, like human tissue, even though there is fluorescent radiation emitted, it may have 
very low energy and it will be instantly reabsorbed near its origin. 
B. Coherent scattering cross sections 
In coherent (Rayleigh) scattering process, no energy is transferred into the media and 
all is scattered. The photon is scattered by the combined action of the whole atom, which is 
neither excited nor ionized in the process. Coherent scattering occurs mainly in the forward 
direction, so the effect of the process is to scatter photons in a cone with a small angle. The 
photon scattering angle depends on both atomic number Z and energy E. Rayleigh scattering 
can be ignored at high energy because the scattering angle is very small. But the scattering 
angle is greater at low energies, for example, at the energy levels of brachytherapy sources, 
therefore Rayleigh scattering becomes more important. 
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Atomic factor approximation is widely used in photon transport calculation to model 
Rayleigh scattering. Rayleigh scattering cross section is described in terms of atomic form 
factor as shown in equation (4.5) and the data for water is from Morin, 1982.[114] 
where 
/V is number of atoms in unit volume, 
F(q,Z) is atomic form factor, 
Z is atomic number, 
re is classical electron radius, re= 2.81794xl0"13cm, 
a is cosine of scattering angle, 
q is momentum transfer function, q= hv - hv' , where hv and hv ' are momentums of the 
incident and scattered photons. In literature, the momentum transfer variable % is often used 
instead of q. 
The unit of x is Â. Variation of the atomic form factor of water as a function of x is plotted in 
figure 4.8. The atomic form factor tends to be 10 when x is small and is close to zero when x 
is getting larger. It means that the Rayleigh scattering is prominent only when the energy is 
low and the scattering angle is small. 
(4.5) 
x  =  —  =  E  sin(cos ' ( a )  / 2)/l2.3985 (E in keV) (4.6) 
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Figure 4.8 Variation of atomic form factor of water as a function of momentum transfer variable x. [114] 
C. Incoherent scattering cross sections 
In Compton scattering, the incoming photon scatters off an electron and leaves the 
atom ionized. The electron gains energy and the scattered photon has an energy less than that 
of the incoming photon. This process is illustrated in the following figure 4.9. 
Figure 4.9 In Compton scattering, the electron gains energy from the incident photon. 
Compton scattering cross sections can be successfully predicted by Klein-Nishina 
cross section, which assume that the electrons involved in the process are free. But in the 
E 
Electron is first at rest and gains • 
energy after collision 
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real situation, the electrons in motion need energy to be ejected from the atom. An electron 
can have contribution to incoherent scattering only if the energy transferred to the electron 
from the incident photon is larger than the binding energy of the electron. When the 
scattering angle is small or the incident photon energy is low, the contribution is suppressed 
and Compton scattering is a small fraction of the free electron case. To account for this limit, 
incoherent scattering function S(q,Z) is added to determine the probability that an electron 
with a momentum q escapes from the atom. The final form is equation (4.7) and the data of 
incoherent scattering function is from Hubbell et al., 1975.[104] 
£(Zi' —> E, ot)— 
N%Z)^-^ mc
2 V 
E' V / V 
E' E 2 1 h 2 mc 
E E 
1 1 
E E' 
+ 
Z 2 
mc mc 
2 \2 \  
E' 
5 { a - a )  (4.7) 
where 
N is number of atoms in unit volume, 
S(q,Z) is incoherent scattering factor (data from (Hubbell et al. 1975)),[104] 
Z is atomic number, 
q is momentum transfer function, 
f ~ 1 mc2 mc1 
a is cosine of scattering angle (a = 1H—— — ). 
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Figure 4.10 Variation of incoherent scattering factor of water as a function of momentum transfer variable x. 
[104] 
Figure 4.10 shows the variation of incoherent scattering factor as a function of 
momentum transfer variable x for water. As shown in figure 4.10, incoherent scattering 
factor, S(x,Z) tends to go to zero when x is low and approaches atomic number Z when x is 
high. Figure 4.11 displays polar plots of the Rayleigh and Compton cross sections of water 
at 35keV. We can see that Compton cross section is suppressed at forward scattering because 
S(q,Z) is close to zero when the scattering angle is small. In contrast, Rayleigh cross section 
is visible only at the forward direction. 
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(a) (b) 
Figure 4.11 The differential incoherent (a) and coherent (b) cross sections per unit solid angle, as a 
dQ. 
function of the scattering angle at 35keV in water. 
D. Total attenuation coefficient 
The total attenuation coefficient Z, for y-ray interactions in this work can be written 
as: 
Z,(E) = Z Œ) + Z,(E) + Z/E) (4.8) 
in which Z is the contribution of the photoelectric effect, Zc is that of Compton scattering 
and Zr is that of Rayleigh scattering. These data are from database published by NIST.[120] 
Zc and Zf. can be also obtained by integrating angular Compton and Rayleigh cross section 
(equation 4.7 and 4.5) over the solid angle, 
i 
Zr(£) = 2/rJZ(£,//>/// (4.9) 
Zc(£)= 2 K J f e ( E ' ^ E ,JU)dE'djU (4.10) 
0 -1 
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4.5 Primary (Uncollided) Flux Algorithm 
::: ;g 
(a) (b) 
Figure 4.12 (a) Spatial discretization for primary flux ray tracing scheme (b) homogenization of the spatial 
meshes for secondary flux ray tracing schemes. 
Uncollided flux is computed through equation (4.11). This equation is obtained by 
assuming that there is no scattered photon source in equation (4.1). If the angular flux 
computed through equation (4.11) is integrated over the solid angle, this provides the scalar 
primary flux, 7(0) (r,£), used in equation (4.4). 
7(0)(r,£,ft> g,(r „£) f'"-""""' 
4mr - r 
(4.11) 
where 
q s  ( r  ,  E )  is isotropic point source for a given surface mesh on the seed, 
r — r 
SI = -r-5 r is the direction from rs to r. 
r - r 
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Equation (4.11) is equivalent to the second term in the RHS of equation (4.1). Therefore, the 
argument of the exponential function in integral in equation (4.11) is computed by taking the 
product of the total attenuation coefficients and the ray segment in a given mesh and 
summing contributions from all meshes. In other words, the integral in equation (4.11) is 
carried out as shown in equation (4.12). 
1 
n ( Y F } ~ y  ^  I ( rm '  E )[  ^ m ~ ^ m -1 ]  
/ " » ( r,£,n) = / ( r- £  2 e  ( 4,2, 
4 * | r  - r , [  
where 
/ represents the number of meshes through which the line integral is being computed. 
Equation (4.11) is for the simplest case, an isotropic point source. The structures of 
radioactive seeds in brachytherapy are much more complicated. The sources in the seeds can 
be surface or volumetric sources. There are also fluorescent radiations from the core material. 
Some approximations are made to model the sources in the seeds and calculate the primary 
flux. 
A. Surface source simulation 
In our algorithm, surface source is modeled as a collection of point sources. For 
example, 125I Model 6711 seed source is distributed over the surface of a silver cylinder. A 
schematic diagram of a model 6711 seed is shown in figure 4.13. In the model 6711 seed, l25I 
is adsorbed onto a silver rod which is encapsulated in a titanium shell. Though the whole 
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seed can be treated as a point source if the position to measure dose-rate at is far enough 
away from the seed, point source approximation causes substantial errors in dose rates in 
immediate vicinity of the seed. Because the marker material works as a sink for x-rays, and 
titanium wall is normally thicker at the ends, the distribution around the seed is anisotropic. 
A line source can be a simplification of the real seed. But in multiple seeds case, there is 
blocking effect between seeds. The line source simplification fails to describe penumbra area 
behind the blocking seeds and lead to significant error in certain area. 
Figure 4.13 A schematic diagram of the model 6711 seed. 
In such a case, we divide the surface of the silver rod into several meshes and photon 
source over each surface mesh is represented by a point source, as shown in figure 4.14. 
Photon flux induced by the point source at a point of interest is subjected to the attenuation 
along the photon path. For seeds like model 2301, there is radioactive material on both ends 
of the tungsten rod and the side surface. Extra point sources are used to represent the surface 
source on the two ends as well. The optical path between the source point and point of 
interest is determined by a ray tracing algorithm. Ray tracing algorithm provides the line 
segments specific to each mesh. This approach is sketched in figure 4.12a. The interaction 
coefficients in each spatial mesh are constant. Attenuation on the path is calculated 
Titanium wall 
Silver 0.25mm 
4.5mm 
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according to the segments length and their corresponding material properties. The scattering 
source in each mesh is also calculated based on the incident flux. 
Figure 4.14 Point source on the cylinder surface. 
The point sources are isotropic and the intensity is constant. The strength of a 
commercial seed is given by air kerma strength, Sk, with the unit denoted by the symbol U, 
and 1U =1 cGycm2h'J. Definition and measurement of air kerma strength are given in chapter 
1. The dose distribution is proportional to the air kerma strength of the seed. The relation 
between the source intensity and air kerma rate is obtained by calculating air kerma rate 
s t r e n g t h  S k  '  f o r  a  s e e d  t h a t  h a s  a n  a c t i v i t y  o f  I M B q .  I f  t h e  m e a s u r e d  a i r  k e r m a  s t r e n g t h  i s  S k ,  
the intensity of each point source is defined in equation (4.13). 
•^£,=irfS106 (413) 
where 
Sk is the actual air kerma strength of the seed, 
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Sk ' is the air kerma strength per 1M Bq activity in the seed, 
Ns is the number of point sources, 
S(E) is the energy spectrum of the isotope. 
As an example, the discrete spectrum of l25I and 137Cs is shown below in table 4.2 
based on 1 activity. 
Table 4.2 Discrete energies of 125I & mCs[15, 118] 
125J 137 Cs 
Energy (keV) Intensity Energy {keV) Intensity 
27.2 1.14 662 0.899 
31.0 0.258 32 0.0601 
35.5 0.066 
40x12 point sources are used to simulate model 6711 seeds, that is 12 layers with 
even intervals and each layers has 40 point sources distributed evenly on the perimeter of the 
core cylinder. Calculation of dose rate at r= 1.0cm. on the transverse plain showed that, the 
dose rate is not sensitive to numbers of layers, but if number of layer is too few, the latitude 
distribution of surface source cannot be represented. This will cause errors in calculating the 
shadow effect when there are other seeds present. Convergence of dose rates in the 
immediate vicinity of seeds as a function of seed surface discretization is shown in figure 
4.15. The effort to compute the primary flux is proportional to the number of point sources 
used to simulate the surface source. So if the number of point sources is too large, the time 
for the computing is also longer. When using 40x12 point sources, the dose rate at the 
location 1.0cm away from the center of the seed in the transverse plane differs from the 
asymptotic value less than 1%. Calculations proved that the point source simulation has good 
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agreement with Monte Carlo method, especially in the calculation of anisotropic factors and 
interseed effect in a two seed case study. 
20 40 60 
Number of point sources 
1.0cm 
'AN 
Figure 4.15 Convergence of dose rate when using different numbers of point sources in each layer. 
B. Fluorescence flux calculation 
All the brachytherapy seeds available in the market have a marker inside, which is 
made of high-Z metal material, i.e., tungsten, silver, lead, gold, palladium. The markers have 
a sink effect on the x-ray flux from the radioactive material absorbed onto the marker. The 
markers are usually in the shape of cylinder or multiple spheres. When there is incident x-
ray flux, those materials give out characteristic x-ray due to the photoelectric effect. For 
material like tungsten, the binding energy of K shell electron is higher so only electrons from 
L shell can be knocked out. The spectrum of characteristic x-ray from L shell is in the range 
from 9keV to 12keV. In this energy range, the fluorescence photon flux is significantly 
attenuated by the shell material (Titanium). The cross-section of water in this energy range 
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surrounding the seed is also large enough to absorb this part of fluorescence flux instantly 
near the close vicinity of seed. So the characteristic x-rays don't have a significant effect on 
the total absolute dose rate and can be neglected. While for the other materials, such as silver, 
palladium, gold, etc., the fluorescence radiation spectrum ranges from 22.10keV to 25.25keV. 
The fluorescence photons have higher energy and the cross-section of water is smaller, so the 
photons can propagate further in the medium before it can be thoroughly absorbed. From 
calculation, we can see that the characteristic X-rays play an important role (10-20%) in the 
total absorbed dose rate. [15] So we must account for fluorescence flux to get accurate dose 
rate. In this work, we used our deterministic algorithm to build a model to calculate the 
fluorescence flux coming out from the surface of cylinder. 
Figure 4.16 A photon with energy E hits an electron and a vacancy is created in shell K. When an electron fills 
the vacancy from shell L or M, characteristic radiation is emitted. 
In photoelectric process, an incoming photon hits a K, L, M, or N shell electron and 
transfers energy to the electron. As a result, the atom becomes unstable. Any vacancy 
formed in the process can be filled by higher shell electrons that are accompanied by the 
Characteristic 
Radiation 
Photoelectron 
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emission of characteristic radiation (as shown in figure 4.16). The method to calculate 
fluorescence flux follows the document "Physics Guide to CEPXS: A Multigroup Coupled 
Electron-photon Cross-section Generating Code".[97] The photoelectron production 
microscopic cross section is defined in the equation (4.14). 
= (E)<?(f - E + # ) (4.14) 
de 
where 
i is shell index, 
E is energy of the incident photon, 
e is kinetic energy of the photoelectron, 
Xi( E )  is probability that a photon of energy E  ionizes the z',h shell, 
<jPA is microscopic photoelectric absorption cross section, 
(pl is binding energy of z'th shell. 
The photoionization probability, is determined by photoeffect efficiencies,/, which are 
defined in the equation below: 
(&-<?) 
oPA {<j)l + ô) / . J (4.15) 
Where S is an arbitrarily small energy increment. 
The photoeffect efficiencies fi for silver, gold, tungsten, lead, palladium are given in table 
4.3 and the binding energies, $ of these material are presented in table 4.4. 
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Table 4.3 Photoeffect efficiencies, /( for marker material 
Pd Ag w Au Pb 
z 46 47 74 79 82 
/. 0.854379 0.845642 0.803653 0.796544 0.791793 
h 0.137234 0.137168 0.137720 0.137803 0.137742 
h 0.290173 0.290300 0.290633 0.290615 0.290741 
U 0.702827 0.687626 0.611230 0.589844 0.586957 
U 1.000000 1.000000 0.854723 0.848061 0.831675 
h 1.000000 1.000000 1.000000 1.000000 1.000000 
Table 4.4 Electron binding energies (keV) 
Pd Ag W Au Pb 
& 24.35 25.51 69.52 80.72 88.01 
<t>2 3.61 3.81 12.10 14.35 15.86 
A 3.33 3.52 11.54 13.73 15.20 
& 3.17 135 10.20 11.92 13.04 
A 0.00 0.00 2.02 2.47 2.78 
& 0.00 0.00 0.00 0.00 0.00 
The photoionization probability of the six shells can be expressed in terms of the photoeffect 
efficiencies as: 
Xj (E)=/i if E > ( f>  i  
=0 if (j) y > E 
Z2(E)=(1-/i)/2 if E > (f> i 
=h if (/>,>~E> </>2 
=0 if <j>2> E 
Xj (E)=( 1 -/i ) ( 1 -f2) h if E > ( f>  ] 
=(l-/2)/3 i f  ( / ) i > E >  < / ) 2  
=/3 if 02>E> (j)3 
=0 if (f> 3 > E 
%,(E)=(1^,) M) (1^)^ if E > 
=(l-/2) if 0 / > E > (f>2 
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= (W.& 
=A 
=o 
%j(E)=(l^)(l^)(l^)(l^ 
=(ll/2)(U3)(W4)/; 
=  ( W ( W ^  
=(1:A)^ 
= f s  
=0 
#(E)=(llf,) (1^,) (1^) (1^) (1^))6 
=(1V2)(1^)(1^4)(1^ 
= ( w d ^ ) ( w y 6  
= (l^)d^))6 
= (1^)A 
= f &  
=0 
f  0 2 > E >  < p 3  
f 0 s > E >  ( j ) 4  
f (j)4 > E 
f E > (/)! 
f  > E >  ( f ) 2  
f (j)2 > E > </>3 
Î  ( j ) 3 > E >  < / > 4  
f  ^ 4 > E  >  ^ 5  
f  ^ 5 > E  
f E > 0; 
f  <j) 1 > E >  <j>2 
Î  < p 2 > ^ >  < p 3  
Î (j)3>E> (f>4 
</>4> E> <f>5 
<j>5> E> </)6 
0 6 >  E  
(4.16) 
The kinetic energy of the photoelectron s in equation (4.14) can be eliminated by an 
integral over the energy domain, as shown in equation (4.17) 
^ E ( E )  =  N \ -
de 
-de (4 17) 
where N is number of atoms per unit volume. 
Fluorescence yield factors, Yy, are used to compute fluorescence photon source for jth 
characteristic line from ith shell as shown in Equation (4.18).[98] The fluorescence photons 
produced through this mechanism will have an energy level of £). 
y. 
q y ( r , E )  =  - f -  f \zfE(E')I(r,E',a)dQdE' 
4 71 J J 
(4.18) 
£mm 43-
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In Equation (4.18), Ef£ (E) is the macroscopic photoelectron production cross section 
for the ith shell, ^ is the fluorescence yield factor for the jth characteristic line from vacancies 
in the ith shell. 
The values of Yy are listed in table 4.5 for materials used as markers in brachytherapy seeds. 
And the notation used in table 4.5 and their responding associated initial-final shell vacancies 
are listed in table 4.6. For example, Kai means a vacancy in K shell is filled by an electron 
from L3 shell. There are other transitions from L shell vacancies, but the density is negligible 
and energy is low compared to transitions from K shell, so they are not listed here. 
Table 4.5 Fluorescence energy(fceV) and yield %,{%) (per 100 K-Shell Vacancies) 
Pd Ag W Au Pb 
Energy Yield Energy Yield Energy Yield Energy Yield Energy Yield 
Ka, 21.177 45.1 22.163 45.6 59.318 47.0 68.806 46.4 74.969 46.2 
Ka2 21.020 23.9 21.990 24.2 57.981 27.4 66.991 27.5 72.805 27.7 
K* 21.708 0.001 57.426 0.0206 66.372 0.0326 72.144 0.0428 
Kei 23.819 0.735 24.943 7.52 67.244 10.30 77.982 10.70 84.938 10.70 
KB2 24.299 1.79 25.455 1.88 69.067 3.58 80.130 3.84 87,300 3.91 
Kfl3 23.791 3.81 24.912 3.90 66.950 5.35 77.577 5.57 84.450 5.58 
Km 24.349 0.006 25.511 0.007 69.273 0.06 80.382 0.08 87.580 0.09 
Kb5 24.013 0.0496 25.144 0.0547 67.685 0.241 78.476 0.285 85.470 0.312 
ko2.3 69.484 0.51 80.660 0.62 87.911 0.70 
88.003 0.0165 
Table 4.6 Notation for X-ray Transitions 
Classical designation Associated initial-final 
(Siegbahn notation) shell vacancies 
Knl K-L3 
Kn2 K-L2 
KQ3 K-L, 
KAI K-M3 
KB2 K-N2N3 
KB3 K-M2 
KB4 K-N4N5 
KBS K-M4M5 
K02.3 K-0203 
KP2.3 K-P2P3 
Figure 4.17 Spatial discretization of the cylinder for computation of fluorescence source. 
In dealing with the fluorescence radiation, we first divided the silver core into spatial 
meshes as seen in figure 4.17. Because the cylindrical structure is radially and axially 
symmetric and the fluorescence source is isotropic, we computed the fluorescence source 
only along one vertical plane by using ray tracing from surface to the interior point. Since 
silver absorbs the incoming relatively low energy photons very heavily, we neglected the 
scattering. Once the fluorescence source distribution has been determined, we employed 
another ray tracing algorithm to compute the fluorescence flux on the seed surface. Out of 
this flux, an angular surface point source, qf (r$, E, fi), is computed and stored for discrete 
directions for a series of surface points at which the original point sources were defined. The 
data is output to data file which can be read later in the calculation of absorbed dose. The 
computation of the surface point source is done by casting the photon flux incident on the 
seed surface into an angular current and then computing the photon flow from the surface 
patches. This then is written as an angular surface source.[76] 
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q f ( r s , E ,n) =  n -ni( r s , E ,£l) A  (4.19) 
where 
n is the vector normal to the surface mesh; 
7(r$, E,£l) is the fluorescence flux; 
A is the area of the surface mesh. 
As a result of this, we can cast Equation (4.1) into the following form. 
E - SI ,E )dR " 
I ( r , E , £ l )  =  \ q ( r  -  R ' a , E , Q ) e  »  d R  ' +  
q ( r s , E )  |  q  / V > 5  (r5  , £ , H ) 1 -?r, ( r - « n , £  
4 f  r  - r .  r - r< 
(4.20) 
J 
where q(rs, £) is seed surface photon source, qf (r , E, Q) is angular fluorescence photon 
surface source driven by the fluorescence photon source inside the seed. As shown in the 
previous sections, each of these source terms has discrete energy spectrums. 
Results for model 6711 with fluorescence calculation are included in chapter 6. 
Readers will see that our results have good agreement with Monte Carlo method. 
4.6 Secondary (Scattered) Flux Algorithm 
The secondary fluxes, I ( k ) { r , E ) ,  in equation (4.4) are computed through the direct 
integration method. [99-101] The direct integration method is implemented in two steps, 
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source and transport steps. As it will be seen below, secondary flux algorithm uses scattered 
photon source induced by the primary flux. In contrast with photon source formed by the 
radioactive seeds, scattered photon source is distributed through the problem domain. Since 
the scattered photon source is not localized any more, ray effects are not a major concern for 
the secondary flux algorithm. 
A Transport Scheme 
The flux, scattered photon source and material properties are taken to be spatially 
constant in the rectangular prism/cube meshes. Angular domain is discretized as shown in 
figure 4.6. Scattered photon source and angular flux are constant in solid angle meshes as 
well. For this implementation, we used 16 angles in each octant, totally 128 discrete angles. 
Transport stage involves computation of angular discrete photon flux at a given position out 
of scattered angular photon sources distributed throughout the problem domain. This is done 
through line integral in equation (4.21). This is equivalent to solving equation (4.1) after the 
second term in RHS is dropped. 
Jx,(r-«"n,E)dR" 
(4.21) 
o 
Since spatial variables have been discretized, photon flux and scattered photon source are 
expressed in terms of discrete representations. As a result, equation (4.21) can be reduced to 
equation (4.22) below. 
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NM 
/=! 
"5^/ (ryt(//l)'^)t^m ^m-1 ^ _ g ( ri;Jt</).£)[*/"*/-ll " |  
(ryt(Z)'^) J 
(4.22) 
where 
rp represents the spatial coordinates of the point for which the flux is being calculated, 
I represents the mesh through which the line integral is being computed, 
uv are indexes for discretized angular variables, 
NM is number of meshes between the object boundary and point of interest the ray travels 
through. 
The angular photon flux calculated in each step is added upon primary flux as shown 
in equation (4.4) to get the total angular photon flux. The secondary flux causes further 
scattering that is used in the next iteration. The calculation shows that the quantities of the 
flux decrease after each step and reach a convergence eventually. 
Line segments in equation (4.21) are obtained through ray tracing. An example is 
shown in figure 4.18, a ray tracing on the opposite direction of fiuv passes through four 
elements until it hits the boundary and the segment lengths are si, s%, S3 and S4 respectively in 
each mesh. 
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^ 2/' 
Figure 4.18 Schematic representation of ray tracing used in transport t scheme. 
In computing scattered flux, material properties of the meshes that include seeds are 
homogenized for simplification. This is a common approach employed in coarse mesh nodal 
methods used in nuclear engineering. [ 102,103] This idea is depicted in figure 4.12b and can 
be express using equation below. 
£,(£) = M2 N. 
K j=1 
(4.23) 
where 
£, (£) is the cross section for the mesh, <=pa, c, r for photoelectric absorption, Compton and 
Rayleigh cross sections respectively, 
Z. (E) is the cross section of the jth material, 
N is the number of materials in each mesh, 
Vj is the volume of the jth material in the mesh, 
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V is the total volume of the mesh. 
B Source Scheme 
Source scheme computes the angular scattered photon source in meshes. In addition 
to the usual spherical coordinate system, a second coordinates system, namely local 
coordinates system, is defined. This new coordinate system can be seen in figure 4.6. In 
this new definition, Û direction becomes polar axis. This causes scattering angle, 9, to 
become new polar angle. With this new coordinate system in place, the scattered photon 
source term is written as in equation (4.24). Spatial index has been dropped for brevity. For 
the scattering source induced by the uncollided flux, a delta function is inserted into the 
kernels so that angular integration can be done analytically without resorting to redundant 
computations. 
the first term in the RHS represents incoherently scattered photon source, 
the second term represents coherently scattered photon source, 
a is cosine of polar angle in the new local coordinate system (cc=cos(0)), 
(p is azimuthal angle in the new local coordinate system (represented by the circle in figure 
q ( k ) (r,E , fi)= |  {jZ(r,E ' E , a ) I ( k ~ X ) (r, E ' , Q')dad(pdE' 
-10  e  
I 2 K (4.24) 
-1 o 
where 
(4.6)). 
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Although photon fluxes in equation (4.24) still use angular variables in the global system, 
mapping these variables into the local system is a matter of bookkeeping only. Incoherent 
and coherent scattering kernels in equation (4.24) are given in equations (4.5) and (4.7). 
Energy loss of photons and scattering angle are closely tied. Delta function in incoherent 
scattering kernel in equation 4.7 represents this connection and it also helps reducing triple 
integration into double integration. This new form is given in equation (4.25). 
2x 
qw(r,E,il)= jZ(r,E'-> E) \l(k~x) (v,E',Q!)d(pdE 
e 0 
1 2x 
+ J \-L{r,E,a)I(k-X){r,E,a')docd(p 
(4.25) 
-i o 
The integrations in equation (4.25) are done numerically. We used a 6th order Gauss-
Legendre quadrature over the cosine of scattering angle. Gauss-Legendre quadrature is 
defined for -1<x<1. Since the cosine of the polar angle varies in the same range, the nodes 
of the Gauss-Legendre quadrature can be used for the cosine of the polar angle. The nodes 
and weights of 6th order Gauss-Legendre quadrature is listed in table 7. Due to the 
interconnection between scattering angle and energy loss, these nodes can be mapped back to 
incident photon energy levels, E', used in equation (4.25). The relation between the scattered 
photon energy and incident photon energy can be obtained in equation (4.26). 
E = =7-^ (4.26) 
1 + i(1.0-Qf,) 
where 
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m0c2 =511 keV is the rest mass of the electron, 
E is the incident photon energy, 
E is the scattered photon energy, 
Oi is the polar angle quadrature node. 
Table 4.7 Nodes and weights of 6th order Gauss-Legendre quadrature 
Q1 Q2 Q3 Q4 Q5 Q6 
Node 0.9324695 0.6612094 0.2386192 -0.2386192 -0.6612094 -0.9324695 
Weight 0.1713245 0.3607616 0.4679140 0.4679140 0.3607616 0.1713245 
Table 4.8 shows the incident photons energy levels used in energy integration for different 
scattered energy levels. These energy nodes are obtained by using equation 4.26. By 
keeping final energy fixed different incident energy level are computed by using the nodes in 
table 4.7. Coherent scattering integration employs Gauss-Legendre nodes and weights 
without further manipulations. The scattering angle in the local coordinates forms a circle 
around Q. This circle passes through many angular meshes. Integration over the local 
azimuthal angle is done by computing arclengths of scattering circle in various angular 
meshes. Since the photon flux is constant through an angular mesh, all we need to do is to 
use this arclength as the quadrature weight for the numerical integration over the local 
azimuthal angle. For the coherent scattering, the treatment is more straightforward. As a 
result, source computation is given by equation (4.27). 
N 
£ 
,'=1 
M, Mj 1 (4 27) 
Z(r,E^E)X/^\r,E,,n%.)A^AE,+Z(r,E,«J^/^'\r,E,n\.)A^A^| 
7=1 7=1 J 
where 
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N is order of the Gauss-Legendre quadrature, 
Mi is order of quadrature over the azimuthal angle for ith energy/polar node, 
fi'y is the direction of the flux for zth node of energy/polar quadrature and y'th node of 
azimuthal quadrature, 
AEj is the weight for energy quadrature, 
A a, is the weight for polar angle quadrature, 
A<pij is the weight for azimuthal quadrature. As it is seen from the indices, this is a function 
of quadrature over energy/polar variables. 
With the introduction of the energy spectrum discretization and spatial discretization indices, 
equations (4.22 and 4.25) are written as follow. 
2 _ g-2', )[fi, 1 
/=1 
N M i  
,=i j=i 
N M, 
(4.28) 
(4.29) 
i=i y=i 
where Eg represents the midpoint energy of the given energy group. 
Scattering cross section calculation are based on E, and Eg. The incident flux value is chosen 
to be the group flux whose energy range brackets E,. 
77 
Table 4.8 Nodes and weight of the energy quadrature determined through equation 4.26 for each final energy 
value 
E Qi Q2 Q3 Q4 Q5 Q6 
35.5 E' 35.667 36.356 37.483 38.842 40.131 41.005 
AE 0.428 0.935 1.288 1.381 1.135 0.562 
34.5 E' 34.658 35.308 36.370 37.648 38.858 39.677 
AE 0.404 0.882 1.212 1.297 1.064 0.526 
33.5 E' 33.649 34.261 35.260 36.461 37.594 38.360 
AE 0.381 0.830 1.139 1.217 0.996 0.492 
32.5 E' 32.640 33.216 34.154 35.279 36.339 37.054 
AE 0.358 0.780 1.069 1.139 0.931 0.459 
31.5 E' 31.632 32.172 33.051 34.104 35.094 35.760 
AE 0.336 0.732 1.001 1.065 0.868 0.428 
30.5 E' 30.623 31.129 31.952 32.935 33.857 34.477 
AE 0.315 0.685 0.936 0.993 0.808 0.398 
29.5 E' 29.615 30.088 30.856 31.772 32.629 33.204 
AE 0.295 0.640 0.872 0.924 0.750 0.369 
28.5 E' 28.608 29.049 29.764 30.615 31.410 31.943 
AE 0.275 0.597 0.812 0.858 0.696 0.341 
27.5 E' 27.600 28.011 28.675 29.464 30.200 30.692 
AE 0.256 0.555 0.753 0.795 0.643 0.315 
26.5 E' 26.593 26.974 27.589 28.319 28.998 29.451 
AE 0.238 0.514 0.697 0.734 0.593 0.290 
25.5 E' 25.586 25.939 26.507 27.180 27.805 28.222 
AE 0.220 0.476 0.644 0.676 0.545 0.266 
24.5 E' 24.580 24.905 25.428 26.047 26.620 27.002 
AE 0.203 0.438 0.592 0.621 0.500 0.244 
23.5 E' 23.573 23.872 24.353 24.919 25.444 25.792 
AE 0.187 0.403 0.543 0.568 0.456 0.223 
22.5 E' 22.567 22.841 23.280 23.798 24.276 24.593 
AE 0.171 0.369 0.497 0.518 0.416 0.202 
21.5 E' 21.561 21.811 22.212 22.682 23.116 23.403 
AE 0.156 0.336 0.452 0.471 0.377 0.183 
20.5 E' 20.556 20.782 21.146 21.572 21.964 22.223 
AE 0.142 0.305 0.410 0.426 0.340 0.165 
19.5 E' 19.550 19.755 20.084 20.467 20.820 21.052 
AE 0.128 0.276 0.370 0.383 0.306 0.148 
18.5 E' 18.545 18.730 19.024 19.369 19.684 19.892 
AE 0.115 0.248 0.332 0.343 0.273 0.132 
4.7 Dose Calculations 
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As it can be seen from the above sections, the algorithm computes the energy 
dependent photon flux. The photon flux is then converted into absorbed dose distributions. 
In the process of transferring energy from photons to medium, the photons interact with the 
atom and cause an electron or electrons to be set in motion. Kerma (Kinetic Energy Released 
in the Medium) is used to name the kinetic energy that those electrons acquire from photons. 
Then the energy from high energy electron is transferred to the medium through electron 
interactions, but this happens along the path electron travels. Part of the energy of high 
energy electrons is radiated away as electrons. The actual absorbed dose is the energy 
actually retained in the region of interest and equals the kerma less the energy carried away 
by bremsstrahlung. In water, energy loss through radiative interactions is very small when 
the energy of the electrons is low. For example, a 40keV electron looses only 0.03% of its 
energy through radiative interactions^ 113] So this part of energy loss is ignored in the 
calculation of absorbed dose from radioactive seed. 
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Figure 4.19 Electronic equilibrium when there is no attenuation. 
Since energy transfer through photon interactions and energy deposit into the medium 
by electron interactions don't take place at the same location, absorbed dose cannot be 
calculated in a simple way unless a state of equilibrium exists between the two quantities. 
Electronic equilibrium is illustrated in figure 4.19 for a simple case in which the photon beam 
intensity stays constant with depth. We assumed that the same number of electrons (i.e. 100) 
are set in motion in each square because of the constant incident photon beams. The kerma 
is constant with depth because kinetic energy transferred is a function of photon beam. In 
each square, kerma is proportional to the ionization produced in each cell and absorbed dose 
is the sum of energy delivered by electrons in all cells. Absorbed dose starts at zero and 
reaches its maximum value at depth R. The medium from surface to depth R is called 
buildup region and the region beyond R is region of electronic equilibrium. For interstitial 
brachytherapy, it is safe to assume an electronic equilibrium because the range R is very 
small in water for the energy range of brachytherapy source. Table 4.9 shows the build up 
range R in water. As an example, when the incident photon energy is 100keV, the range R is 
0.014g/cm2. The external boundaries are not close and seeds are very small to significantly 
disturb the equilibrium. Under such conditions, kerma approach approximates the absorbed 
dose quite well.[113] Therefore, we used the kerma approach and computed dose rate 
distributions by using equation (4.30) given below. The mass energy absorption coefficients, 
Zcn(£), in equation (4.30) were taken from NIST.[104] 
D(r) = jz„(E)E/(r,E)<# (4.30) 
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Table 4.9 Buildup Range R in water [113] 
Photon Max. Electron RangeR Total Attenuation Percent 
Energy (keV) EnergyC&eV) (g/cm2) Coeff. (cm2/g) attenuation in R 
100 100 0.014 0.1705 .24 
200 200 0.045 0.1370 .62 
500 400 0.128 0.0969 1.2 
1000 800 0.329 0.0707 2.3 
Doses are calculated from dose rates by the equation below: 
D = D^T(l-r^) (4.31) 
Where 
D is the total dose, 
Dinit is the initial dose rate, 
T is the implant duration, 
? is the average lifetime of the radionuclide. 
In interstitial brachytherapy, the implants are permanent. So T »? and 
D = (4.32) 
The average life time of 125I is 59.4 days and the average life time of 103Pd is 16.94 
days.[15] 
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CHAPTER 5 PARALLEL PROCESSING ALGORITHM 
DEVELOPMENT 
The ultimate goal of the project is to provide a sufficiently fast tool to calculate the 
absorbed dose field around seeds. So the key point to evaluate this tool is the execution time. 
Though the deterministic algorithm has been much faster than Monte Carlo methods to 
calculate dose field especially in a multiple seed situation, it is far from expected. Therefore, 
to speed up the calculation, a parallel processing algorithm has been developed. 
Parallelization is implemented by using MPI (Message-Passing Interface).[105,106] 
Different schemes of decomposition are used during different stages of the calculation.[107] 
The primary flux computations use spatial decomposition and the secondary flux 
computations use angular decomposition. 
5.1 MPI: A Message-Passing Interface Standard 
The Message Passing Interface standard was formed on the basis of the discussions 
held by of Message Passing Interface Forum since 1994, with participation from of 40 
organizations.[105,106] The original standard (version 1.0) has evolved to version 2.0 with 
recent additions. The standard has been widely used for message passing in parallel 
programming. With the support from different systems and computer vendors, programs 
developed using the interface can be very portable, efficient, and flexible to run on 
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distributed-memory multiprocessors, networks of workstations, and shared-memory 
platforms. The interface can be conveniently bound in C/C++ or FORTRAN language. It 
allows point-to-point communications, collective operations, processing groups, processing 
topologies, environmental management and inquiry, etc. independent of the platform. 
5.2 Parallel Processing Algorithm 
To have a task be executed concurrently on multiple processors, we first need to 
decompose the whole task into smaller tasks. Each processor in the platform is assigned one 
or multiple smaller tasks. Depending on the algorithm, the processors may need to exchange 
data after tasks are done or while the tasks are executing. In this specific implementation, the 
communications take part in after each iteration in the scattered photon source iteration 
scheme discussed previously. In the following discussion, we will present different strategies 
to decompose the whole task at different stages of the calculation. 
The tasks and their corresponding decomposition schemes are shown in figure 5.1. 
In primary flux calculation, spatial decomposition is used to divide the whole task. After the 
primary flux calculation, secondary flux and scattered photon source are calculated in an 
iterative manner until a convergence is reached. In each iteration, angular and spatial 
decomposition are used in an alternate manner as shown in figure 5.1. For the purpose of 
exchanging data between different schemes of decomposition, new data types are defined 
using MPI tools. Nonblocking communications are chosen to avoid deadlock during the 
communications. 
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Tasks Decomposition 
N times 
[ Scattered photon source 
- Spatial decompositon 
Angular decompostion 
Spatial decompositon 
Primary flux 
Secondary flux 
Figure 5.1 Different decomposition schemes in different stage of calculation. 
5.2.1 Spatial Decomposition 
The spatial discretization divides the problem domain into prism meshes. It's 
straightforward that we can divide the whole spatial domain into subdomains according to 
the number of processors available on a high performance computing system. For example, 
the problem domain in figure 5.2 has 32 meshes totally. After the domain is divided into 
four equal subdomains, each processor is assigned 8 meshes. The material and geometrical 
properties of all the meshes are stored on all processors for ray tracing calculations. The 
material and geometrical properties of the meshes do not require significant amount of 
storage space, therefore storing data for the whole domain does not pose any difficulty. In 
contrast, storing incident fluxes and scattered photon sources requires large memory levels. 
As an example, if we use 128 discrete angles and 10 energy groups, the size of each array is 
128x 10xN= 1280N, where N is the number of meshes. For a problem with 20x20x20 
meshes, it takes about 665MByte to store flux and source arrays. The alternative is to store 
only parts of these arrays on each processor. 
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Figure 5.2 An example of spatial decomposition dividing the original domain into four subdomains. 
When we calculate primary flux, all we need are the source coordinates and optical 
path. Calculation of incident flux in a given mesh doesn't involve data from other meshes. 
The data needed to calculate scattered photon source in each mesh is the incident flux and 
scattering cross section. Therefore there is no need for data communications for computing 
scattered photon source either. Each processor can calculate primary flux and scattered 
photon source in its own subdomain independently. 
5.2.2 Communication in Spatial Decomposition 
Secondary flux calculation for a given direction is done through a line integration and 
this requires segment and source information from the meshes the ray tracing intersects. 
For example, to calculate the secondary flux in a mesh in a subdomain assigned to processor 
0, the ray tracing may point to one or more meshes in another subdomain assigned to 
processor 3. One possible approach is, after calculating the scattered photon source, to 
gather scattered photon source arrays from other processors and store it on the local 
processor. Obviously, this consumes a lot of memory on each processor and the 
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communication is costly because the size of data each processor needs to receive via 
communication is P (the processor number) times the size of data calculated on the local 
processor. 
Boundary surface 
Figure 5.3 A boundary surface is put between every two adjacent subdomains to transfer flux. 
One solution to alleviate this problem is to transfer boundary fluxes from the other 
subdomains rather than the scattered photon sources. Since boundary fluxes are 2D data 
arrays in contrast with 3D scattered photon source arrays, this reduces communication time, 
communicated data size and local storage space. In this approach, the boundary surface is 
meshed the same as the meshes in subdomains (as shown figure 5.3). 
The outgoing fluxes computed on the boundary surface are driven by the scattered 
photon sources inside this subdomain. If there is more than one subdomain traveled by the 
ray, the boundary fluxes from all those subdomains are included into flux computation after 
those fluxes are attenuated properly. The incoming flux is the integral of attenuated flux 
from all the other boundary surfaces. When the incoming fluxes on the boundary surfaces 
are calculated for each subdomain, the details of scattered photon source distributions inside 
each subdomain can be ignored. What we use is flux coming out from the subdomains' 
surfaces. 
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Scattered photon source \ 
•Boundary surface 
Figure 5.4 Calculation of outgoing flux on a surface of a subdomain. 
As a first step, the outgoing fluxes due to the scattered photon sources are calculated 
at the center of each mesh on the boundary surface, as shown in figure 5.4. Then the 
boundary flux arrays are communicated to the processors in accordance with the specific 
direction for which the photon fluxes are to be computed. For example, if the flux is to be 
computed for the direction £1 in subdomain in # 1 in figure 5.5, processor for subdomain #3 
sends boundary surface data to processors for subdomains #1 and #2. Processor for 
subdomain #2 sends boundary surface data to the processor for region #1. When the ray hits 
the boundary between regions #1 and #2, it uses boundary flux array from region #2 and 
sums the value after attenuating the value by using the optical path between the boundary and 
the point at which flux is being computed. Same procedure is repeated when the ray hits the 
boundary between region #2 and #3. The scattered photon sources in region #2 and #3 are 
not used for this ray tracing and there is no need to transfer those 3D arrays to local processor 
for region #1. Since the boundary photon fluxes are calculated for the surface mesh center 
points and rays usually do not intersect those at the center points as shown in figure 5.6, 
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some differences can be seen between the parallel execution and single processor execution 
results. 
I(E, Ç1) 
(E, £2)o sub-dor lain 2 
lout (E, ft) of sub-domain 3 
•I Lay tracing in a serial calculation 
Ray tracing from the boundary mesh 
Boundary surfaces 
Figure 5.5 Ray tracing continues from boundary surfaces. 
The surface mesh 
a ray hits 
Actual intersection point 
Center of the element 
Figure 5.6 Difference of the intersection point and the center of the mesh of the boundary surface. 
When the radioactive sources are near the surfaces, the flux changes rapidly from a 
point to another on the surface due to the inverse square law. The flux at the center of a 
mesh may be significantly different to the flux at the actual hitting point. This may introduce 
considerable error when we compare the result from parallel calculations and serial 
calculations. Using a smaller mesh size can alleviate this problem, but it cannot solve the 
problem thoroughly and it also requires much more memory. 
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5.2.3 Angular Decomposition 
Regarding the problem with boundary surface approach in transport scheme, an 
alternative scheme is angular decomposition. Since the angular domain is discretized and 
photon fluxes are to be calculated for discrete angular values, the basic idea is to assign sets 
of directions to the processors rather than subdomains. This is demonstrated in figure 5.7 
with a two dimensional example. 16 discrete directions in the figure are divided into 4 
groups. Each processor in the platform would calculate flux for one group of directions. The 
ray tracing is done for performing the line integration to compute the discrete angular photon 
fluxes. This calculation requires the angular photon sources from the meshes the ray 
intersects. Since the ray tracing is done for a specific direction, the scattered photon source 
should be chosen for this direction as well. Therefore the memory of the system is arranged 
to store partial scattered photon source and photon flux arrays for the assigned set of 
directions. So on each processor, the scattered photon source is stored for all the meshes in 
the whole problem domain, but only for a group of solid angles. In angular decomposition, 
the ray tracing is performed through the whole problem domain in a continuous manner. 
This approach ensures that results from the parallel version are exactly the same as the results 
from a serial version. 
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Processor 0 Processor 1 
Processor 3 Processor 2 
Figure 5.7 A 2D example of angular decomposition 
5.2.4 Alternating between Spatial Decomposition and Angular Decomposition 
The angular decomposition scheme remedies the problem with the boundary surface 
approach but there is an inconsistency issue with storage of scattered photon source and 
photon flux at different steps of the calculation. Primary flux and scattered photon source 
computations use spatial decomposition and arrays are stored accordingly. Transport scheme, 
where the secondary fluxes are calculated, uses angular decomposition. Array storage for 
angular decomposition is different than the spatial decomposition. After switching from 
spatial decomposition to angular decomposition, one processor needs to gather data from all 
the other processors. The communication data size for the second approach is larger than the 
first one. But the timing of program shows that the time spent on communication still takes a 
very small part of the overall computation time. The timing of the communication and the 
other parts of the calculation will be discussed in chapter 6. 
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5.2.5. MPI Data Types for Communication between Spatial Decomposition 
Scheme and Angular Decomposition Scheme 
In switching from spatial decomposition to angular decomposition, the memory has to 
be re-organized, though the memory sizes for the scattered photon source and photon flux 
remain the same. If the number of the meshes is N, number of processor available is P, 
discrete solid angles number is NA, group number is NG, then array SOURCE(NG, NA, N) 
stores the scattered photon source for the whole problem domain. In spatial decomposition, 
the meshes are divided by processor number and the sub-array stored on each processor is 
SOURCE(NG, NA, N/P). In angular decomposition, the directions are divided into groups 
by the processor number and the sub-array stored on each processor is SOURCE(NG, NA/P, 
N). The mapping of two formats is shown in figure 5.8. As seen in 5.8, non-consecutive data 
with a constant stride stored on all processors in spatial decomposition maps to consecutive 
data on processor 1 in angular decomposition. 
Because the distributions of data in the two decompositions are inconsistent, new data 
types are defined using MPI routines, for the convenience of the communication of the non-
consecutive data between processors. The MPI routine MPI_Type_contiguous defines a 
block of contiguous data and routine MPI_Type_vector defines blocks of data with same size 
with strides between them. 
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Figure 5.8 Mapping source arrays used in the spatial decomposition stage to memory storage style in the 
angular decomposition stage 
A. BLOCKTYPE 
MPI_TYPE_CONTIGUOUS(NUMDIR*NGROUP,MPI_REAL,BLOCKTYPE) 
In this routine, the first parameter is the replication count, the second parameter is the 
old data type, and the third parameter is the new data type. 
The first routine defines contiguous real type data for an angular group with length 
NUMDIR*NGROUP. NUMDIR is the number of directions on each processor in angular 
decomposition. NGROUP is the number of energy groups in energy domain discretization. 
BLOCKTYPE is the new data type name. It defines the data for one angular group in each 
individual mesh. Each gray block as shown in figure 5.8 can be represented by one such data 
type. 
:NG,1:NA/P,1) Source* 1 :NG, 1 :NAJNZP) 
Souice( 1 :NG, 1:NA, 1 ) 
Source( 1 :NG, 1 :NA/P, 1 :N/P) 
Source(I:NG,l:NA/P,l;N) 
B STRIDEBLOCK 
MPI_TYPE_VECTOR(MESHNUM, 1, NPROC,BLOCKTYPE,STRIDEBLOCK) 
In this routine, the first parameter is number of blocks, the second parameter is the 
number of old data type in each block, the third parameter is spacing between start of each 
block, (in old data type), and the fourth parameter is the new data type name, 
The second routine defines a data type for all the data in the same angular group on a 
processor during spatial decomposition stage. MESHNUM is the total number of meshes in 
each spatial decomposition subdomain, and NPROC is the number of processor. The new 
type name is STRIDEBLOCK. This new type is made up of the blocks defined in the first 
routine, but every two adjacent blocks are separated by certain amount of stride. 
STRIDEBLOCK defines all gray blocks as shown in figure 5.8 on each processor during 
spatial decomposition stage. During the communication stage, each processor receives one 
STRIDEBLOCK from all other processors and stored consecutively on that processor. 
5.2.6 Blocking vs. Non-blocking Communication 
In the communication stage, each processor exchanges data with all other processors. 
Non-blocking communication instead of blocking communication are used to allow these 
communications be executed concurrently without deadlocks. 
A blocking communication means that the program execution will be suspended until 
the message buffer is safe to use. In the MPI standards, after a blocking SEND, the message 
has either stored in a safe system buffer or a receive process has finished receiving the 
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message, so the memory can be safely used after the SEND. A blocking receive make the 
memory unusable before the receiving process is finished. 
An MPI nonblocking call returns immediately after the call is initiated and does not 
wait to check if the communication buffer is safe to use. It's the programmer's duty to make 
sure that the send buffer has been copied out before reusing it, or that the receive buffer is 
full before using it. Compared to blocking communication, nonblocking communication is 
more efficient. The calls of SEND and RECEIVE returns right after the calls and the program 
can go back to computation and make the computation and communication run concurrently. 
Nonblocking communications use methods of the REQUEST class to identify 
communication operations and match the SEND operation with the corresponding RECEIVE 
operation. To check if the nonblocking communication has finished or not, there are two 
MPI routines available, MPI_TEST(request, flag, status) and MPI_WAIT(request, status). 
The former just checks if the communication has finished or not. The later waits till the 
operation specified by request is complete, and then returns. 
MPI_SEND 
' 
B 1 
MPI SEND 
Figure 5.9 A typical deadlock between two processors when they all try to send message to each other 
In this problem specifically, each processor receives data from all other processors. If 
using blocking communication, deadlock is inevitable. Figure 5.9 demonstrates a typical 
deadlock when two processors all try to send message to each other at the same time. They 
have to wait for a receive call forever because the other side is doing the same thing before 
the receive call is executed. To avoid deadlock in blocking communication, SEND and 
RECEIVE calls have to be designed carefully. When many processors are involved in the 
communication, and each one is trying to receive data from all the others, block 
communication is obviously not suitable and non-blocking communication is an alternative 
to solve the problem. In a nonblocking communication, the program returns right after the 
send calls, so it can proceed with the receive calls. Each RECEIVE call can be blocked by a 
MPI_WAIT call before the buffer can be safely used by other operations. In this work, each 
processor needs to receive data from all other processors and send data to all other processors. 
Nonblocking communication is used to make these communications done concurrently and 
without deadlocks. 
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CHAPTER 6 RESULTS 
The results are divided into four sections. The first section provides convergence data. 
Convergence is an important issue with iterative methods. In the discussion of point sources, 
we cover 125I and 137Cs sources. The spectrums of these isotopes are given in table 4.2. We 
can see that energy levels of gamma rays from 137Cs are much higher than 125I. l37Cs Gamma 
rays with a characteristic energy of 662keV can penetrate material further than 125I gamma 
rays (with characteristic energies 21.2keV, 2>l.0keV and 35.5keV). As a result, 137Cs is not 
normally chosen as a source in interstitial brachytherapy. Gamma rays from l25I with much 
lower energies can be absorbed quickly in the vicinity of the source and it's easier to confine 
the radiation in the transplant area desired. In this chapter, we will first show that the dose 
rate contribution from each successive iteration goes down quickly and the results converge 
to the sought solution after a few iterations. The convergence data is followed by data for 
point isotropic sources. The volumetric source section provides data regarding two 125I 
model seeds, Model 2301 and Model 6711. There are some distinct differences between 
these two seeds. Model 2301 is different from other seed models in the aspect that there is 
radioactive material on both ends of the tungsten wire which decreases the anisotropy of dose 
rate around seeds. In model 2301, fluorescence flux from the tungsten wire has very low 
energy (<12.09keV) and can be instantly absorbed in the vicinity of the seeds, while the silver 
wire in model 6711 has a fluorescence photon flux with characteristic energies from 
HAOkeV to 25.25keV which makes significant contribution to the dose rate (10-20% of the 
dose in the vicinity of the source). Parameters in the TG43 dosimetry protocol of these two 
types of seeds are calculated from the dose distribution results and compared to those from 
MCNP which work as a benchmark. A simple example of multiple seed case is provided, in 
which two seeds (one is radioactive while the other is not and works solely to block the 
radiation) are used to test how one seed blocks radiation from another seed. In the actual 
case, each seed emits its own radiation and the problem gets more complicated. A 
benchmark problem from Quality Assurance Review Center with 81 seeds in prostate area is 
calculated and interseed effect is discussed. In the last section, some computation time 
results are provided. 
6.1 Convergence 
The scattering source iteration given by equation (4.4) assumes an infinite Neumann 
series to approximate the flux. This series needs to be truncated after a specific term for 
terminating the computations. This can be done in two ways. One approach is to compute a 
norm after each iteration and then compare it to a preset criterion to see if the solution has 
converged. The other approach is to substitute upper bound of the summation in equation 
(4.4) with a predefined iteration number. Since the dosimetry computations in this work 
were done only for 125I and 137Cs in water medium, iteration number for convergence should 
not change significantly from one problem to another. Therefore we opted to define a 
computationally determined iteration number and use it for terminating iterations. We used 
point isotropic sources to monitor convergence of the iterations. Figure 6.1 displays the 
convergence behavior for 137Cs. The convergence behavior for 125I is displayed in figure 6.2. 
Both figures (6.1, 6.2) display very similar convergence characteristics. Convergence is 
accomplished very rapidly in the close vicinity of the photon sources. Two iterations seem to 
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provide final dose value for r=0.25 cm. The same is accomplished with 3 iterations for 
r=2.25 cm. It takes 5 iterations for dose to reach an asymptotic value at r=4.75 cm. Since 
the dose rates at such distances are not clinically important, we decided to use 4 iterations in 
our computations. This number should provide enough accuracy for a range that is clinically 
relevant. 
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Figure 6.1. Variation of Cs dose rates with iteration number as a function of distance. 
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Figure 6.2. Variation of 125I dose rates with iteration number as a function of distance 
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Figure 6.4. Comparison of 125I isotropic point source results 
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6.2 Point Isotropic Source Results 
Isotropic point source is the most basic source. There are published results for point 
isotropic sources and we used the published data for verification purposes. The first problem 
is a radial dose distribution problem for 137Cs. The reference results for this problem have 
been obtained through Monte Carlo computations by Williamson et al. in 1991. [64] We used 
25 energy groups, 5 scatterings and 40x40x40 mesh structure. The problem domain size was 
40x40x40 cm3. Figure 6.3 displays our results, literature results and differences between two 
sets. The left vertical axis in figure 6.3 displays (dose ratex distance2) and the right vertical 
axis displays differences. The largest difference between two sets is less than 2.5 %. This is 
a very good agreement between two methods. The second problem uses 125I. As with the 
previous problem, the published reference solutions have been computed through Monte 
Carlo computations by Burns and Raeside in 1987.[27] For this problem, we used 10 energy 
groups and 4 scatterings with a 20x20x20 mesh structure. The problem domain size was 
10x10x10 cm3. Results displayed in figure 6.4 uses the same format as figure 6.3. The 
differences between two sets of results are smaller than 3.5 % all through the solution domain. 
This also points to a good match between two sets of data. 
When figure 6.3 and figure 6.4 are compared, we can see that the dose rate 
distributions from the two point sources are different. Dose rate from 137Cs point source goes 
down with distance, but the change is much less dramatic than the change of l25I source. 
This is because that the attenuation coefficient of water is much smaller at the higher energy 
than it is at lower energy. For example, it is 0.0857cm2/g at 662keV and 0.316cm2/g at 
30keV. It means that photons from 137Cs point source can travel much further than those 
100 
from l25I source. But we can see that even though a much smaller portion of 137Cs photons 
interacts with water, the dose rate is higher than l25I point source at the same distance from 
the source. This is due to the higher energy of photons from 137Cs point source. 
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Figure 6.5 An air void problem, in which a 1x1x2cm.3 air void is placed 1.5cm away from a point source in 
water media. 
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Figure 6.6 137Cs isotropic point source with air cavity results. 
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Figure 6.7 125I isotropic point source with air cavity results 
The next problem employs a 1x1x2 cm3 air gap inserted into the problem domain 1.0 
cm away from a point isotropic 137Cs source (as shown in figure 6.5). This problem is used 
to verify the capability of dosimetry algorithm in handling heterogeneities in the problem 
domain. Dose rate is calculated for two cases, i.e. with or without the air void presents. The 
heterogeneity correction factor between the two cases is plotted along the axis. The 
heterogeneity correction factor is calculated as (Dw-Dwt)/Dwt* 100, where Dw is the dose rate 
for the case with the air void presents, and Dwt is the dose rate for the case without air void. 
The reference values are from Williamson et aV s work in 1991. [62] The comparison is given 
in figure 6.6 and the largest difference is around 1.8%. The same problem is calculated for a 
125I source as well. The results are given in figure 6.7. For this case, the largest difference is 
3.8%. 
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What we can see by comparing figure 6.6 and figure 6.7 is that the difference for 
137Cs is much larger than 125I after the air void. This is because of the 125I has much lower 
energies compared to 137Cs. The cross sections of water at these lower energies are larger 
than the cross section at high energy. The larger cross sections lead to larger impact on the 
dose distribution when the air void presents. 
6.3 Volumetric Source Results - Model 2301 
There are many commercial interstitial brachytherapy sources.[61] Externally they 
resemble each other. Calculation of two types of 125I seeds for interstitial brachytherapy are 
included in this work. The selected seeds are model 2301 and model 6711. Their structures 
have some similarities and some differences. Physical characteristics of the two sources are 
listed in table 1.2. Model 2301 seed is shown in figure 6.8. It has a double wall titanium 
shell with each wall 0.04 mm thick. The end thickness is 0.14 mm. Tungsten L line 
fluorescence radiation energy level is 9.59 keV to 12.09 keV. As an example, at 12 keV, the 
linear interaction coefficients in titanium and water are 305.11 cm"1 and 3.53 cm1. It means 
that 91.3% of the fluorescence photons are first absorbed by titanium wall (0.008cm thick) 
and 97.1% of the rest is absorbed by water after lcm away from the source. Therefore, 
characteristic radiation photons can not travel far before they are absorbed and they are 
usually ignored in the dosimetry calculations and we also adopted this approach. [61] The 
typical mesh size we used in our calculations is 0.25cm x 0.25cm x 0.25cm. 40 x 40 x 40 
meshes are needed to a cover 10cm x 10cm x 10cm volume. Energy range was chosen to 
vary from 18 keV to 36 keV. 18 keV cutoff energy is low enough to cover all scattered 
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photons because the lowest energy after 5 scattering is around 18keV. We used an 18 energy 
group structure with each group having an energy width of 1.0 keV. 
Figure 6.8 A schematic diagram of the seed 2301 
In presenting and displaying our volumetric seed results, we have used the approach 
adopted in TG-43 and provided dose rate constant, radial dose function and anisotropy 
function for the seeds we studied. Since we seek to show the accuracy of the algorithm 
described in the previous sections, we also compare our results to results obtained through 
Monte Carlo code MCNP.[90] In addition to providing normalized quantities referred above, 
we also present absorbed dose rates along with reference MCNP dose rates. Since absorption 
rates for 125I photons change with energy very rapidly, predicting flux energy spectrums 
correctly has a vital role in computing accurate dose rates. Some energy spectrum 
comparisons are provided to show the extent of agreement between MCNP results and our 
results. 
The dose rate constant for 125I Model 2301 seed was computed to be l.OlcGyh 'U"1. 
MCNP results provided 0.996 for the same quantity with a difference of 1.4%. The dose rate 
constant Meigooni et. al. measured by Thermo Luminescent Dosimetry is 1.01 ±0.08.[40] 
Our calculated result shows good agreement with this experimental result as well. In figure 
6.9a, we provide absorbed dose rate distributions along the radial dimension. One is from 
T  i t a n  i u  m  W  a l l s  
h 4 . 9  5  m m  H 
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our own calculations, and the other is from our MCNP calculations. Similar to point source, 
the value plotted in figure 6.9a is dose ratex r2. The multiplication of r2 is to do eliminate the 
impact of inverse square law. In figure 6.9a, we focus on the variation of dose rate due to the 
attenuation and scattering. 
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Figure 6.9 (a) Radial absorbed dose rates x r2 and (b) radial dose function for Model 2301. 
Figure 6.9b provides radial dose functions, g(r), from three sources. The definition of radial 
dose function is included in the appendix (equation A 1.6). It can be approximated using the 
equation below: 
g(r) = (D(r,ejr=)/(D(%,%X') (6.1) 
Where D is dose rate, r0=1.0cm, and do=n/2 . 
The radial dose function describes the variation of normalized dose rate along the transverse 
axis. In figure 6.9b, one of the results is from our calculations, the second is from our MCNP 
calculations and the third is from data published by Sowards. [42] The maximum difference 
between MCNP and our dose rate values is about 2.8 %. As expected, radial dose functions 
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from three sources have very similar characteristics and the largest pointwise difference 
between our results and MCNP results is around 4.1 %. Sowards and Meigooni provided 
dosimetric parameters of this seed from their Monte Carlo simulations. The difference 
between our results and the Sowards et. al. is 2.25% from 1.0cm to 5.0 cm. 
In the second set of volumetric seed results, we provide anisotropy data for the 2301 
seed.[40-42] Anisotropy function in TG-43 is given by as equation (A 1.7). We 
approximated the anisotropy function by the equation given below: 
F(r,e) = D(r,9)/D(r,%) (6.2) 
where #o=7t/2. It is basically the dose rate normalized to the dose rate at the transverse axis 
and varies as a function of the angle from the z-axis at a given distance from the center. We 
provide dose rates as a function of angle from z-axis for r-1,2,3,4,5 cm. The coordinate 
system in the dose calculation formalism is illustrated in figure A 1.1 in the appendix of this 
thesis. Dose rates become very small beyond r=5.0 cm and we decided not to continue 
beyond that point. Those distributions are given as a pair of anisotropy function and dose 
rate in figures 6.10-6.14. 
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Figure 6.10 Absorbed dose rates (a) and anisotropy factors (b) as a function of angle for 2301 seed at r=I.O cm. 
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Figure 6.11 Absorbed dose rates (a) and anisotropy factors (b) as a function of angle for 2301 seed at r=2.0 cm. 
The maximum differences between the MCNP and our dose rates for the first three plots in 
figures 6.9-6.11 are less than 5%. As r increases to 4 and 5 cm, the maximum difference 
levels go up to 6 and 8%. One thing that needs to be mentioned at this point is that absorbed 
dose values decrease very rapidly with the distance from the seed. Therefore, 5-8% 
difference in dose rates actually corresponds to very small numbers that may be clinically 
insignificant in the brachytherapy practices. 
From figure 6.11 to figure 6.14, we can see some systematic difference between the 
results from the deterministic method and MCNP results. Most of the dose rates at those 
locations are smaller than the value from MCNP. The causing of the difference is the well-
known ray effect. In deterministic approach, the incoming fluxes are sampled by ray tracing 
on limited number of discrete directions. When the location is far from the seed, the fixed 
discrete directions are more likely to miss the region around the source where the scattering 
flux density is much stronger than location far away from the seed. This makes the dose rate 
from the scattering source less than it is calculated by MCNP. Using more directions can 
reduce ray effect but also increase calculation time. 
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Figure 6.12 Absorbed dose rates (a) and anisotropy factors (b) as a function of angle for 2301 seed at r-3.0 cm. 
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Figure 6.13 Absorbed dose rates (a) and anisotropy factors (b) as a function of angle for 2301 seed at r=4.0 cm. 
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Figure 6.14 Absorbed dose rates (a) and anisotropy factors (b) as a function of angle for 2301 seed at r-5.0 cm. 
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Figure 6.15 Absorbed dose distributions as a function of angle and distance from the seed.2301 
For displaying rapid decrease in the dose rates with the distance from the seed, absorbed dose 
rates are given as a polar graphic in figure 6.15. The radius axis in this plot is logarithmic. 
We can see that there is almost two orders of magnitude difference between the dose rates for 
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r=1.0 and r=5.0 cm distributions. Therefore, the difference values given in percentage may 
actually point out to very small absolute differences dose rates at points farther from the seed. 
One distinct feature of the anisotropy factors of model 2301 is that the factor reaches 
the lowest value around 10 degree and has a high value around 0 degree. As a comparison, 
model 6711 has the lowest anisotropy factors around 0 degree. This is due to some structure 
differences between the two seeds. Model 2301 has radioactive material on the two end of 
the tungsten marker. The end welding of the titanium capsule is only 0.14mm and much 
thinner than model 6711 (0.5mm). As a result, radiation is less attenuated by the capsule in 
model 2301 seeds. In model 2301 seeds, l25I is absorbed onto an organic coating which is 
0.1mm thick. Considering that the radius of the tungsten marker is only 0.25mm, the 
thickness of the coating allows part of the radiation reach the region around 0 degree without 
the being blocked by the tungsten marker. All these cause the anisotropic factor of model 
2301 at 0 degree to be nearly the same as that at 90 degree and improve the isotropic 
distribution of dose rate around the seed. 
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Figure 6.16 Comparison of flux energy spectrums at three locations near a model 2301 seed. 
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Figure 6.16 displays the energy spectrums of the photon flux at three locations, r=1.0, 
2.0, 3.0 cm. 125I source spectrum is basically a discrete spectrum composed of three 
characteristic emission lines. Whatever there is between these characteristic lines are due to 
scattering interactions. Therefore, any computational algorithm designed for brachytherapy 
dosimetry should be able to estimate the curves between the characteristic lines correctly. As 
it is seen from the comparison between MCNP results and our results, scattered portions of 
the energy spectrums are predicted quite successfully. Also, figure 6.15 shows that scattering 
compared to the original characteristic lines becomes more pronounced with the distance 
from the seed. The very irregular shape of the spectrums in figure 6.15 has another 
implication. For deterministic methods to prove success in 125I dosimetry, photon energy 
variations need to be described with fine energy group structures. 
6.4 Volumetric Source Results - Model 6711 
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Figure 6.17 A schematic diagram of the seed 6711. 
Model 6711 is also another widely used seed for brachytherapy. [29] It is among the 
seeds with silver or gold core material. Radioactive material is adsorbed on the core rod to 
give out radiation. Figure 6.17 shows the structure of a 6711 seed.[61] Materials like silver 
I l l  
and gold generate characteristic fluorescent flux. This makes the energy spectrum of the 
source more complicated than seeds like model 2301, which has fluorescent fluxes with very 
low energy (under 12.09 keV) that can be ignored in the dose calculation. The method to 
calculate fluorescent flux is described in chapter 4. Surface source density of fluorescent 
photon for each discrete direction at different latitude is pre-calculated and stored in file. We 
use the same method to discretize the cylinder surface of the rod into patches. The source on 
each patch consists of two parts, the characteristic 125I photons and fluorescent photon from 
silver or gold rod due to the incident photons. The spectrums of source at the center of the 
silver rod (z=0.0mm), the top of the silver rod (z=1.5mm) and the one point in between 
(z=0.75mm) are shown in figure 6.18. The spectrums displayed are the percentages of total 
photon number of energies at each location. Each spectrum includes three 125I,characteristic 
energies and two silver fluorescent energies. We can see that the spectrums at the 3 latitudes 
don't change much. The results from our deterministic method are compared with results 
from Monte Carlo method. In figure 6.18, we can see these two results have good agreement. 
The fluorescent flux is not isotropic due to the structure of the rod. In the deterministic 
method, it's easy to calculate fluorescent fluxes and store them as a function of direction 
because of the direction discretization. While in Monte Carlo method, much more effort is 
needed to get direction dependent fluorescent flux rather than scalar values. 
Model 6711 seed has a silver core that functions as a marker. This silver core emits 
characteristic x-rays with a spectrum that has a 22.10 keV and a 25.25 keV peak. The 
fluorescence photons can penetrate only a short distance before they are absorbed in the 
tissue. According to the calculations, silver fluorescence radiation plays an important role in 
the total dose and contributes about (10-20%) of the total absorbed dose rate. The dose rate 
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constant for model 6711 seed from this deterministic algorithm is 0.967. MCNP results 
provided 0.979 for the same quantity with a difference of 1.2%. Heintz et. al. quotes 0.98 
that was obtained by Monte Carlo method. [61] Figure 6.19 displays the result of dose rate 
and dose rate function g(r) of model 6711 and comparison with MCNP results. The 
maximum difference of dose rate between MCNP and our dose rates is 4.5 % for the range 
from 0.5 cm to 5.0 cm. 
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Figure 6.18 Spectrums of point source including fluorescent flux. 
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Figure 6.20 Absorbed dose rates (a) and anisotropy factors (b) as a function of angle for 6711 seed at r=1.0 cm. 
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Figure 6.21 Absorbed dose rates (a) and anisotropy factors (b) as a function of angle for 6711 seed at r=2.0 cm. 
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Figure 6.22 Absorbed dose rates (a) and anisotropy factors (b) as a function of angle for 6711 seed at r=3.0 cm. 
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Figure 6.23 Absorbed dose rates (a) and anisotropy factors (b) as a function of angle for 6711 seed at r-4.0 cm. 
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Figure 6.24 Absorbed dose rates (a) and anisotropy factors (b) as a function of angle for 6711 seed at r=5.0 cm. 
Figures 6.20-6.24 present anisotropy data plots for the 6711 seed. We provide dose 
rates as a function of angle from z-axis for r=l,2,3,4,5 cm. Anisotropy factors from Weaver 
et al. are also included for comparison. [59] Their results are from EGS4 Monte Carlo code. 
Those distributions are given as a pair of anisotropy function and dose rate. Similar to model 
2301, we can see larger deviances when the points are far away (r=4, 5 cm) between the two 
set of results. The deviances are caused by ray effect, which has been discussed in the 
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previous session. In contrast with model 2301 data, model 6711 dose rates are very low at 0 
degree. The reason is that, the ends of 6711 are much thicker (0.5mm) than 2301 (0.14mm) 
and there is no radioactive material on the two ends of the silver rod. 
Figure 6.25 displays the energy spectrums of photon flux at three locations, x=1.0, 
2.0, 3.0 cm in the transverse plane of the seed. MCNP results are provided as benchmark 
results. Besides the three peaks for 125I characteristic energies, two more silver characteristic 
fluorescence energies can be seen at all locations. 
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Figure 6.25. Energy spectrums of flux for three points on transverse plane near a Model 6711 seed. 
6.5 Heterogeneity and Interseed problem (Two Seed Problem) 
The interseed effect is first studied in a case where the absorbed dose distributions are 
perturbed by the presence of another seed. Since brachytherapy seeds are usually inserted to 
form a highly heterogeneous implant, predicting dose rates accurately for heterogeneous 
medium is important. We also provide perturbation factors for this two seed problem. 
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Figure 6.26 Two seeds problem in which one seed is radioactive and second one is not. 
One of the important parameters in determining the effectiveness of the algorithm is 
to measure how well the algorithm works in the presence of heterogeneities in the problem 
domain. A similar case has been provided for point source cases in the previous section. For 
the volumetric source problem, we have used two seeds that are 1.0 cm apart from each 
other, as shown in figure 6.26. While the seed positioned at the origin was chosen to be 
radioactive, the second seed was taken to be passive not emitting any photons. Since the 
seed has a metallic titanium shell with a tungsten core, it absorbs the incoming photons very 
heavily. This would form a shadow behind the second seed and overall photon flux and 
absorbed dose distributions would heavily be affected by the presence of this shadow. 
To evaluate the response of algorithm to the presence of such a shadow, we have 
plotted the absorbed dose distributions at three z positions as a function of distance along x-
axis. As it has been done with the other examples, we used MCNP results as the reference 
results for this problem as well. In the first panels of the plots in figures 6.27-6.29, we have 
displayed the absorbed dose distributions without any heterogeneity and then plotted the 
absorbed dose values in the presence of the second seed. In the second panels, we plotted the 
perturbation factors. The perturbation factors were obtained by dividing the two seed results 
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by one seed results. Since single seed doses are generally higher, perturbation factors varied 
from very small numbers to unity. As it is seen from these graphics, MCNP results and our 
results agree with each other quite well. The maximum differences between MCNP and our 
dose rate results for 1 seed, 2 seed results at z-0.0 cm varied as 5.6, 5.4% respectively. 
These values were 5.3, 5.2% for the results at z=0.5 cm. The corresponding differences for 
the profile at z=1.0 cm were 4.4, 5.1%. 
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Figure 6.27 Absorbed dose distributions for one seed and two seed cases (a) and corresponding perturbation 
factors (b) at z=0.0 cm computed through MCNP and our work. 
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Figure 6.28 Absorbed dose distributions for one seed and two seed cases (a) and corresponding perturbation 
factors (b) at z=0.5 cm computed through MCNP and our work. 
119 
0.014 
i-0012 " 
0.01 -
MCNP -1 seed , 
This work -1 seed 
MCNP - 2 seeds 
This work - 2 seeds 
S 0.006 -
8 0.004 -
0.002 
5 3 4 2 0 
1.10 
MCNP 
This work 
1.00 
•S 0.90 — 
0.80 — 
0.70 
0 1 2 3 4 5 
Distance, (cm) Distance, (cm) 
Figure 6.29. Absorbed dose distributions for one seed and two seed cases (a) and corresponding perturbation 
factors (b) at z-l-0 cm computed through MCNP and our work. 
6.6 Heterogeneity and Interseed Problem-a Benchmark Problem 
We can see a dramatic decrease in dose rate behind the blocking seeds in the two seed 
problem. In the real situation, the second seed gives out radiation as well, which make the 
shadow effect not so obvious as shown in the two seed problem. But the interseed effect still 
exists. The current technique to calculate dose rate in the irradiated volume is to superpose 
single seed dose rates. The ignorance of shadow effect from the seed materials in this 
technique leads to overestimation of the dose field. Burns and Raeside used Monte Carlo 
simulations to calculate the perturbation of single seed dose distribution with the presence of 
one and three neighboring seeds for seed 6702 and 6711 [27]. They also calculated the dose 
perturbation in single and two planes implants with 16 seeds (4x4) in each plane and 
estimated a maximum perturbation of 9.8% with 0.5cm and 0.75cm spacing. Their 
calculation showed that dose perturbation depends on the size and geometry of the implant 
and they concluded that "It would be difficult to correct a multiple seed dose distribution for 
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perturbation effect, since this would require knowledge of the orientation of individual seeds 
as well as the location of their centers". Ali Meigooni, etc. did experimental study on 
interseed effects in interstitial brachytherapy implants using 125I models 6702 and 6711 
seeds[28]. Their data provided results similar to their computational results. 
Though the interseed effect in the multiple seed situation has been studied and the 
difficulty to make correction basing on the superposition approach is recognized, traditional 
Monte Carlo calculations method would be expensive in the multiple seed situation because 
the calculation effort increases dramatically when the geometry gets complicated. 
Deterministic method, in this situation, has its own advantages. The time to calculate the 
primary flux is approximately proportional to the number of sources. The time for calculating 
the secondary flux practically stays the same. 
Benchmark problem from Quality Assurance Review Center has been designed for 
reference certification of the brachytherapy centers.[108] The purpose of this reference case 
is principally to verify that the dose rate calculations are consistent with TG-43. In this 
problem there are 81 seeds in 9 layers with individual source strengths of 0.5 U in prostate 
and rectum area, as shown figure 6.30. Seed position coordinates are listed in table 6.1. 
Isodose lines: 290, 217.5, 145, 130, 73 and 36 Gy are required to be submitted in all axial 
planes (0.5 cm spacing) between layers. The total doses are converted from dose rates using 
equation (4.32). In this section, results from all seeds calculation using deterministic 
algorithm are compared to the results from superposition method.[109] 
Isodose lines in six planes are shown in figure 6.31. The left panels in those graphics 
present data from the all seed calculations. The right panels display superposition method 
data. The comparison clearly shows that the isodose lines computed through superposition 
enclose larger areas than the isodose lines computed through our method which accounts for 
the shadow effects by including all 81 seeds into computations. In other words, the 
superposition approach overestimates the dose rate. This is more clearly shown in figure 
6.32 in which we plot the dose rates for three profiles in plane z=0.0 cm from the two 
approaches and their difference. We can see very large differences at locations where seeds 
are aligned to each other. To evaluate the extent of overestimation, we plotted the spatial 
distribution of the perturbation factors in the transverse plane, as shown in figure 6.33a. The 
perturbation factors are computed through Equation (6.3). 
Perturbation F actor = 100 
f D , - D c ^  
v Dc j 
(6.3) 
Ds and Dc in the Equation (6.3) are the dose rates computed by the superposition method and 
the dose rates obtained through simultaneous calculations from all seeds respectively. The 
perturbation factors show how much the actual dose differs from the case where the dose 
distribution has been obtained by using single seed dosimetry data. These perturbation 
factors have been plotted in two dimensional plots given in figure 6.33. As seen in the left 
plot in figure 6.33a, the variation of the perturbation factors is periodic due to the periodicity 
of the implant. According to the plot in figure 6.33a, the overestimation in the close vicinity 
of the implant varies between 5-10%. The darker tones surrounding the white points 
representing the seed coordinates point out the presence of the shadow effect. Outside the 
central core, the difference between two sets of results diminishes very rapidly with the 
distance from the implant. This is because of the lack of the strong absorbers outside the 
core region. Even if the differences were large, this would represent very small dose rate 
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changes since the dose rates decrease very rapidly outside the core. The pattern seen in the 
plot is due to the periodic positioning of the seeds. 
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Figure 6.31. Comparisons of isodose lines computed by two methods. Left halves display results with shadow 
effects included. Right halves show results for superposition method without shadow effects. 
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Figure 6.31. Comparisons of isodose lines computed by two methods. Left halves display results with shadow 
effects included. Right halves show results for superposition method without shadow effects.(continue) 
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Figure 6.33 Perturbation factor in the transverse plane of implants, (a) Seeds are in position perfectly (b) Seeds 
are randomly displaced from their original positions. 
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Figure 6.34 Line plots of the perturbation factors taken from perfect and imperfect lattice 2D distributions at y 
= 0.0cm. 
Figure 6.33b shows the same problem but each seed has a random displacement from 
its original position. It's more like the situation in the surgery because there are various 
disturbances and seeds can not be placed perfectly at the position as planned. The positions 
of seeds are listed in table 6.2. The displacements of seeds have a range from 0.0mm to 
1.0mm. As it will be seen from that second plot, the perturbation factors show a high degree 
of variability in the central part of the plot. While there are spots without perturbation, some 
other spots in that region have two digit perturbation factors. To be able to have a better feel 
of perturbation factors vary, we have taken profiles from both plots and plotted x-y plots to 
be able see the numbers as a function of location. These plots are shown in figure 6.34. 
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Table 6.1 Seed positions in the benchmark problem. 
ID x(cm) y (cm) z (cm) ID x(cm) y (cm) z (cm) 
1 0.00 -1.00 -2.00 41 -1.00 1.00 0.00 
2 -1.00 0.00 -2.00 42 0.00 1.00 0.00 
3 0.00 0.00 -2.00 43 1.00 1.00 0.00 
4 1.00 0.00 -2.00 44 0.00 2.00 0.00 
5 0.00 1.00 -2.00 45 0.00 -2.00 1.00 
6 -0.50 -0.50 -1.50 46 -1.00 -1.00 1.00 
7 0.50 -0.50 -1.50 47 0.00 -1.00 1.00 
8 -0.50 0.50 -1.50 48 1.00 -1.00 1.00 
9 0.50 0.50 -1.50 49 -2.00 0.00 1.00 
10 0.00 -1.00 2.00 50 -1.00 0.00 1.00 
11 -1.00 0.00 2.00 51 0.00 0.00 1.00 
12 0.00 0.00 2.00 52 1.00 0.00 1.00 
13 1.00 0.00 2.00 53 2.00 0.00 1.00 
14 0.00 1.00 2.00 54 -1.00 1.00 1.00 
15 -0.50 -0.50 1.50 55 0.00 1.00 1.00 
16 0.50 -0.50 1.50 56 1.00 1.00 1.00 
17 -0.50 0.50 1.50 57 0.00 2.00 1.00 
18 0.50 0.50 1.50 58 -0.50 -1.50 -0.50 
19 0.00 -2.00 -1.00 59 0.50 -1.50 -0.50 
20 -1.00 -1.00 -1.00 60 -1.50 -0.50 -0.50 
21 0.00 -1.00 -1.00 61 -0.50 -0.50 -0.50 
22 1.00 -1.00 -1.00 62 0.50 -0.50 -0.50 
23 -2.00 0.00 -1.00 63 1.50 -0.50 -0.50 
24 -1.00 0.00 -1.00 64 -1.50 0.50 -0.50 
25 0.00 0.00 -1.00 65 -0.50 0.50 -0.50 
26 1.00 0.00 -1.00 66 0.50 0.50 -0.50 
27 2.00 0.00 -1.00 67 1.50 0.50 -0.50 
28 -1.00 1.00 -1.00 68 -0.50 1.50 -0.50 
29 0.00 1.00 -1.00 69 0.50 1.50 -0.50 
30 1.00 1.00 -1.00 70 -0.50 -1.50 0.50 
31 0.00 2.00 -1.00 71 0.50 -1.50 0.50 
32 0.00 -2.00 0.00 72 -1.50 -0.50 0.50 
33 -1.00 -1.00 0.00 73 -0.50 -0.50 0.50 
34 0.00 -1.00 0.00 74 0.50 -0.50 0.50 
35 1.00 -1.00 0.00 75 1.50 -0.50 0.50 
36 -2.00 0.00 0.00 76 -1.50 0.50 0.50 
37 -1.00 0.00 0.00 77 -0.50 0.50 0.50 
38 0.00 0.00 0.00 78 0.50 0.50 0.50 
39 1.00 0.00 0.00 79 1.50 0.50 0.50 
40 2.00 0.00 0.00 80 -0.50 1.50 0.50 
81 0.50 1.50 0.50 
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Table 6.2 Seed positions with random displacements. 
ID x(cm) y (cm) z (cm) ID x(cm) y (cm) z (cm) 
1 0.05 -1.05 -1.95 41 -1.01 0.95 0.03 
2 -1.05 0.03 -2.07 42 0.03 1.01 -0.02 
3 -0.04 0.03 -2.00 43 1.03 0.95 0.01 
4 1.02 0.00 -2.03 44 -0.03 2.01 0.02 
5 0.06 0.97 -2.02 45 0.02 -2.03 1.04 
6 -0.47 -0.55 -1.5 46 -1.03 -1.06 1.00 
7 0.50 -0.50 -1.53 47 0.03 -1.05 1.00 
8 -0.53 0.50 -1.57 48 1.04 -1.05 1.00 
9 0.53 0.45 -1.52 49 -2.07 0.03 1.00 
10 0.01 -1.02 2.00 50 -1.03 0.01 1.02 
11 -1.00 0.05 1.91 51 0.03 0.00 1.08 
12 -0.05 0.05 2.03 52 1.07 0.00 1.00 
13 1.05 0.03 2.00 53 2.00 0.09 1.00 
14 0.01 1.03 2.04 54 -1.00 1.00 1.00 
15 -0.53 -0.55 1.60 55 0.00 1.03 1.06 
16 0.44 -0.5 1.55 56 1.00 1.10 1.00 
17 -0.55 0.53 1.50 57 0.00 2.06 1.00 
18 0.59 0.55 1.50 58 -0.53 -1.50 -0.50 
19 0.03 -2.00 -0.95 59 0.59 -1.50 -0.50 
20 -1.05 -0.93 -1.00 60 -1.50 -0.55 -0.53 
21 0.05 -1.01 -1.00 61 -0.53 -0.52 -0.47 
22 1.05 -1.00 -1.03 62 0.53 -0.52 -0.59 
23 -1.95 0.03 -1.00 63 1.53 -0.51 -0.53 
24 -0.94 0.01 -1.00 64 -1.50 0.57 -0.45 
25 0.02 0.03 -1.00 65 -0.57 0.50 -0.53 
26 1.02 0.04 -1.03 66 0.56 0.50 -0.50 
27 098 0.00 -1.02 67 1.50 0.55 -0.50 
28 -1.02 1.05 -0.98 68 -0.53 1.52 -0.50 
29 0.03 1.05 -1.00 69 0.53 1.52 -0.54 
30 0.95 1.00 -1.03 70 -0.52 -1.54 0.50 
31 0.02 2.03 -1.05 71 0.51 -1.57 0.50 
32 0.05 -1.99 0.03 72 -1.50 -0.51 0.54 
33 -0.99 -0.95 0.02 73 -0.53 -0.52 0.50 
34 0.03 -1.03 -0.004 74 0.57 -0.50 0.53 
35 1.03 -1.03 -0.02 75 1.52 -0.53 0.51 
36 -2.02 0.03 0.04 76 -1.53 0.50 0.48 
37 -1.03 0.04 -0.02 77 -0.52 0.53 0.53 
38 0.03 0.01 0.07 78 0.57 0.49 0.50 
39 1.02 0.03 0.04 79 1.50 0.53 0.52 
40 2.03 -0.02 0.06 80 -0.55 1.45 0.45 
81 0.51 1.51 0.50 
In figure 6.34a difference is 5-10% or above in most of the problem area. Larger 
(15%-20%) difference can be found in some area between seeds. The 5-10 % difference 
range computed in this problem is quite close to the 6% difference published by Ali 
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Meigooni et al. [28] Their results include an uncertainty of 4%. The second plot in figure 
6.34b does not have this periodicity. 
When figure 6.33a and figure 6.33b are compared, we can see that the perturbation 
factors are distributed irregularly when seeds have random displacements. It's hard to use a 
correction factor to correct the dose rate from superposition approach to get the right dose 
rate due to many factors involved with the procedure. To do that, we have to consider the 
positions and orientations of all seeds. Any small position or orientation change of one seed 
can change the overall dose distribution and the correction factor as well. The deterministic 
approach can handle this situation very easily. In the calculation of primary flux, the ray 
tracing calculates segment in every element and seed it passes through. The calculation of 
secondary flux is nearly same. 
6.7 Single Processor Run Time Results 
In this section, we provide some data on how much computational effort is required 
to compute absorbed dose distribution through the deterministic algorithm developed in this 
project. The timing data that is provided in this section is specific to SGI 0rigin2000 
machines. Along with the timing results for our algorithm, we also provide some timing 
results for MCNP. The motivation behind this is not to make a comparison on how well each 
approach compares but to provide information on what kind of computation power should be 
expected from the SGI 0rigin2000 machine so that execution time numbers given for the 
deterministic method become meaningful. Since MCNP is a widely known code, its 
execution timing data is used to provide an insight into the execution speed that can be 
achieved. Table 6.3 provides deterministic algorithm execution time data for one seed case 
as a function of spatial mesh and number of point sources used to represent the volumetric 
source. Table 6.4 provides similar data under same conditions for the two seed case 
discussed in section 6.6, in which only one seed is radioactive and the other is used to block 
flux from the first seed. As expected, execution time increases with mesh number and point 
source number. Although two seed case execution times are longer, they differ from the one 
seed case only by a couple of percent. Similar statistics are provided for MCNP in tables 6.5 
and 6.6. From table 6.3 and 6.4, we can see that the execution time of deterministic 
algorithm increases proportional to the point numbers to simulate the surface source. From 
chapter 4, we can see that the difference only exist in the calculation of primary flux. There is 
no influence on the calculation of the secondary flux, so the execution time of this part 
calculation depends on the number of meshes, number of energy groups and number of 
angular discretization etc. As expected, MCNP execution time values increase with number 
of tallies used and number of particles used for computations. For this case, difference 
between single seed and two seed cases seem to be significant compared to the deterministic 
results. In the configuration of MCNP calculation, the media is just homogenous water. This 
execution time is expected to increase significantly if the media around the seed is chosen to 
be heterogeneous. To handle that, the problem domain has to be discretized by lattices and 
make the configuration more complex. The deterministic algorithm can handle this without 
extra effort, because the algorithm is based on spatial discretization. Each element after 
spatial discretization can be regarded as homogenous but different mesh can be filled with 
different materials. 
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MCNP is also time-consuming when a dose rate field is calculated rather than a few 
tally points. It is because that the large number of tallies needs to be used and the execution 
time increase proportional to the number of tallies. For example, to get the dose distribution 
equal to the definition of 20x20x20 elements in table 6.3, MCNP needs 8,000 tallies. 
Execution time for obtaining meaningful statistics for 8000 tallies is taken to be very long. 
Table 6.3. Deterministic algorithm CPU time ( s )  as a function of number of seed surface point sources and 
spatial meshes for single seed case 
Spatial Mesh Discretization 
Number of points sources 20x20x20 30x30x30 40x40x40 
250 points (10x25) 581 2480 7376 
500 points (10x50) 631 2659 7671 
1000 points (20x50) 721 3063 8546 
Table 6.4. Deterministic algorithm CPU time ( s )  as a function of number of point sources and spatial meshes 
for two seed case 
Spatial Mesh Discretization 
Number of points sources 20x20x20 30x30x30 40x40x40 
250 points (10x25) 602 2510 7415 
500 points (10x50) 659 2716 7740 
1000 points (20x50) 767 3132 8640 
Table 6.5. MCNP CPU time ( s )  variation as a function particles and tally points for single seed case 
Number of Tally Points 
Number of Particles 1 Tally Point 5 Tally Points 10 Tally Points 
1 Million 479 1460 2697 
3 Million 1730 4362 8071 
5 Million 2372 7142 13225 
Table 6.6 MCNP CPU time ( s )  variation as a function particles and tally points for two seed case 
Number of Tally Points 
Number of Particles 1 Tally Point 5 Tally Points 10 Tally Points 
1 Million 832 3023 5599 
3 Million 2488 9047 16762 
5 Million 4145 15143 27933 
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6.8 Multiple Processor Run Time Results 
Our dosimetry program has been executed on SGI 0rigin2000 and the cluster built in 
the Center for Nondestructive Evaluation, Iowa State University. The SGI super computer 
has 32 processors and the platform is IRIX 6.5. The cluster currently consists of 64 Intel 
Celeron 500+ class machines interlinked with 100 Mb/s networking. The total resource is 64 
processors with 32GB of RAM and 300GB of disk. The program can be run on both parallel 
computing systems without any change in the code. 
To compare the result of parallelization, the same problem is executed on the CNDE 
PC cluster with different number of processor. The problem is to calculate a single 6711 seed 
in water with 24x24x24 meshes, and 0.5cm mesh size. The whole execution and primary 
flux calculation were timed and plotted in figure 6.35. 
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Figure 6.35 Timing of execution of program on CNDE PC cluster with different processor number 
132 
From figure 6.35, we can see that parallelization speeds up the calculations 
effectively. On the PC cluster, the program cannot run on a single node because of the 
memory limitations. When running on 2 nodes, the execution time is 2257 s. The execution 
time goes down to 184 s when full 64 nodes are used in the computations. 
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Figure 6.36 Timing of execution of 81 seeds problem on CNDE cluster with different number of processors. 
Figure 6.36 shows variation of execution time with number of processors for the 
implant made up of 81 model 6711 seeds. The medium is water and the problem domain is 
discretized into 24x24x24 meshes. The voxels used in this configuration have dimensions of 
0.5x0.5x0.5 cm3. The number of energy groups is 18. The total number of iterations for the 
scattered flux is 4. The execution time is 35.38 hours when using only one processor and 
2.46 hours when using 64 processors. One important point in the timing results is that the 
primary flux computations dominate the overall timing results. In the 81 seed problem, total 
time is basically the same as the primary flux computation time. The 98.66% of execution 
time is spent for computing the primary flux. But with the single seed problem, there is a 
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clear differentiation between the primary flux and total flux timing. In other words, the 
secondary flux or scattered flux computations make up significant portions of the 
computations. Actually the computation time for scattered flux does not change as a function 
of the seed numbers in the implant. Once the scattered photon source distributions are 
computed from the primary flux, the rest is basically the same except the scattered photon 
source strengths. The computations for multiseed cases are very time consuming as it can be 
seen from the 81 seed problem. 
134 
CHAPTER 7 CONCLUSIONS AND FUTURE WORKS 
7.1 Conclusions 
A. Code/algorithm development 
In this work, we developed a three dimensional deterministic algorithm for 
brachytherapy dosimetry calculations and a description of the algorithm has been provided in 
chapter 4 and chapter 5. As outlined in these chapters, the algorithm is based on an integral 
form of the photon transport equation and the approach is based on direct integration. In 
contrast with the popular deterministic discrete ordinates method, scattering kernels are 
sampled directly rather than using a Legendre polynomials expansion. The algorithm can 
handle domain heterogeneity and multiple volumetric seeds. This has been demonstrated 
through the point isotropic source void problems and the volumetric source perturbation 
problem. It has also been shown that the algorithm converges very rapidly even without any 
convergence enhancement algorithms. The surface flux driven by the fluorescence radiation 
from the silver rod of model 6711 has been manipulated into surface point source. The 
fluorescence surface point source has been obtained deterministically and used in the dose 
rate calculations. Parallelization (including spatial decomposition and angular decomposition) 
was implemented in the algorithm to provide a sufficiently fast computation. Inclusion of 
fluorescence radiation emission, parallel processing capabilities helped to transform the 
existing algorithm into a tool that can be used in calculating absorbed dose rates for multiple 
seeds with heterogeneous problem domains with reasonable computational efforts. 
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This deterministic algorithm has an obvious advantage over traditional Monte Carlo 
methods, especially for the purpose of calculating the 3D dose distribution around 
radioactive seeds in brachytherapy. As an example, to calculate dose distribution in 20 X 20 
X 20 meshes from a single seed, the deterministic algorithm required a calculation time of 
659s on Original 2000, while MCNP needed 8,071s on the same machine to calculate dose 
rate for only 10 tallies, using 3 million particles. Since MCNP calculated dose rate at only 
10 points, the execution time for MCNP can be mapped to 20x20x20 points by multiplying 
10 point run time by a factor of 800. This would show that MCNP would need a total time of 
6,456,800s (8,071s X 800) to get the same dose rate distribution as provided by the 
deterministic algorithm. In other words, the deterministic algorithm is 9,898 times faster 
than Monte Carlo code MCNP to calculate the dose distribution in such geometry. For the 
single seed cases, there is no need for determining three dimensional dose rate distributions 
because of the axial and radial symmetry. Therefore, a Monte Carlo computation for very 
few tally points can provide the necessary data but this can not be true for the cases where the 
radial and axial symmetry can not be claimed. The multiple seed problems constitute such 
problems where there is no symmetry that can be used to reduce the problem to a case where 
few tally points are sufficient to characterize the dose distribution. In multiple seed 
situations, the time of primary flux calculation in the deterministic algorithm is proportional 
to the number of seeds while the time of secondary fluxes calculation remains same. The 
performance of Monte Carlo methods degrades substantially when the seed number increases. 
As shown in the results section, when a non-radioactive seed is placed in the vicinity of a 
radioactive seed, the calculation time of MCNP doubles from 8,071s to 16,762s for 10 tallies. 
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This significant increase in the execution time takes place because the non-radioactive seed 
introduces more heterogeneity. MCNP needs even more calculation time if the second seed 
is radioactive too. In the light of such an increase in the execution time with the introduction 
of only one single seed, it is anticipated that the calculation of three dimensional dose 
distributions through Monte Carlo methods with the presence of large number of seeds (i.e. 
100 seeds) would be extremely slow. This should be the reason why the study of interseed 
effects in such multiple seed implant cases was not performed before this work. The 
development of this deterministic algorithm and the corresponding parallel algorithm 
provides an approach to calculate the dose distribution from many seeds in a reasonable time. 
It makes the study of the interseed effects between those seeds possible and the conclusions 
are included in a later section. 
B. Verification 
The algorithm has also been evaluated for accuracy. The results of two point source 
(137Cs and 125I) problems are quite accurate when compared with Monte Carlo results taken 
from the literature. The results of the problems were within 4% of the literature results. In 
addition to point source problems, absorbed dose distributions for volumetric sources were 
computed as well. Two seeds used for this purpose are model 2301 and model 6711. Dose 
rate function, radial dose functions and anisotropy functions were computed for comparisons. 
The dose rates computed for model 2301 were usually within 5% range of MCNP results in 
the high dose regions. In the lower dose regions that are far from the seeds, the results were 
usually within 7% range. In that region, the dose rates are about two orders of magnitude 
smaller than the central region. Therefore, the absolute differences between the two sets are 
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negligible. Energy spectrum results compared quite favorably as well. In addition to single 
seed dosimetry, the multiple seed problem has also provided results that were quite 
comparable to MCNP. All absorbed dose rate comparisons for two 2301 seed problems were 
within 5.4% of the MCNP results. The deterministic algorithm requires that surface source 
terms driven by the fluorescence radiation from silver in model 6711 is added to the primary 
125I source term. The fluorescence source term has been calculated using the deterministic 
algorithm described in the previous sections. We have compared the fluorescence source 
terms computed through the deterministic algorithm to the fluorescence source term 
computed through MCNP. Due to the difficulty in obtaining angular variation of the 
fluorescence term through MCNP, the comparison has been done on the basis of scalar 
magnitudes and there is a good agreement between these two results. After the inclusion of 
the fluorescence surface source, the calculation predicts the dose distribution for model 6711 
very well. The maximum dose rate difference between MCNP and our values is 4.89 % for 
the range from 0.5cm to 5.0cm in the seed's transverse plane. As a conclusion, we can 
comfortably state that our deterministic algorithm can be used for brachytherapy dosimetry 
for production purposes. 
C. Implementation and evaluation of shadow effect 
A benchmark problem of 81 seeds in the prostate and rectum area was calculated 
using this dosimetry tool. It is the first time such a calculation was performed other than 
using the simplistic superposition method. The results show notable difference (5%-10%) 
between the widely used superposition method and our approach which accounts for the 
shadow effects of multiple seeds. Since both superposition method and our approach utilized 
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the dosimetry results from our deterministic algorithm, the differences between the two sets 
of data can easily be attributed to the interseed effects rather than any algorithmic differences. 
The existence of shadow effects provides evidence for the hypothesis that the heterogeneity 
effects need be accounted for if accurate dose rate distributions are to be obtained. In 
addition, we clearly showed that the seed distribution is the most important factor that 
determines the magnitude and distribution of shadow effect. The existence of the developed 
computational tool provides a reliable means for computing dose rates from randomly 
distributed seeds in a relatively short time with the accuracy that can not be provided by 
analytical methods and the superposition approach. When coupled with an image processing 
tool that can extract position coordinates of the seeds from images, our algorithm can be very 
a reliable tool in evaluating the success of the interstitial brachytherapy procedures. 
7.2 Future Works 
The ultimate goal of this research is to provide near real-time computation of the 
dose-rate distribution in the surgery to provide feedback for implanting new seeds. Because 
of the displacement of implanted seeds, the dose may not be distributed as planned. The 
imaging modalities such as real time radiography and ultrasonography may provide data on 
the distribution of the implanted seeds. The images taken from the calculation during the 
procedure may provide data to check if the dose is enough and if more seeds are needed to 
implant to deliver enough therapeutic doses. To make the feedback near real-time, the 
computing efficiency is crucial. Since the purpose is to provide near real time feedback, the 
results should be obtained in a time frame at the order of a minute. This deterministic 
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algorithm is a very promising candidate to reach this goal. The calculation time changes 
geometrically with the mesh size. An optimized mesh size needs to be chosen based on 
clinic criteria and this requires further study using input from practitioners in the 
brachytherapy field. As an example, the calculation of dose rate distributions for the 81 seed 
problem using a 24x24x24 mesh structure required 8,862s on the CNDE PC cluster which 
consists of 64 500MHz Intel Celeron machines with 100 Mb/s networking. This is about 150 
times slower than the target execution time. If the cluster can be upgraded to 3 GHz 
machines, the execution time would be around 1,500 s. The execution time would be about 
25 times slower than the target time frame. With the algorithmic improvements, the 
execution time can be brought very close to the target execution time. Even if there is some 
difference, the advances in the computer technology and an increase in the cluster size can 
easily fill the gap within a few years. The algorithmic improvements for accelerating the 
calculations would target especially the primary flux calculations which take the most of the 
calculation time in a multiseed case. For example, for the meshes which are far away from 
the seeds, we can use fewer numbers of point sources to calculate the primary flux without 
losing accuracy. This is because the overall seed can be easily modeled as a point source 
when the meshes are far away from the source, even though the flux may not be isotropic 
around the seeds. So the detail of distribution of radioactive material inside the seed can be 
progressively modeled coarser as the distance between the seed and mesh increases. With the 
introduction of such an approach, there should be significant savings in computing the 
primary flux distributions that takes up almost all of the execution time in the dosimetry 
calculations. A twofold decrease in the number of ray tracing from the point sources would 
decrease the computation time by one half. 
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The developed computational tool now can calculate dose distributions for seeds with 
a cylindrical marker. There are also other types of seeds in the practice of brachytherapy. In 
addition to the marker shape, other physical parameters, such as wall thickness, radius, and 
height, may show variations as well. To make this simulation tool capable of handling 
various kinds of seeds, it's necessary to build a database of seed structures and incorporate 
them into the code. The seed structure is very important both in the dosimetry and in the 
formation of shadows. Therefore developing a capability to handle various seed structures is 
quite important. 
Another possibility is to introduce codes into the computational tool so that it can 
accept radiography and ultrasonography data to determine seed positions and orientations 
and use them for dose distribution calculations. 
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APPENDIX 
Al. Summary ofTG-43 Dosimetry Protocol 
The dosimetry formalism of interstitial brachytherapy sources was presented in the 
final report of American Association of Physicists in Medicine Therapy Committee Task 
Group No. 43 in 1995.[15] The group was formed in 1988 to review the recent publications 
and recommend a protocol to solve the confusion in the medial physics community about the 
selection of dosimetry data. The quantities recommended by TG-43 in the dosimetry 
formalism are dose rate constant, A; radial dose function, g(r); anisotropy function, F(r,0); 
anisotropy factor Oan (r)and geometry factor, G(r,0); air kerma strength, S%; etc. Using those 
parameters, dose distribution around a cylindrically symmetric source can be calculated as 
long as the air kerma strength is known. The formalism in TG-43 is divided into two 
sections, two dimensional case and point isotropic source case. 
Al.l General Formalism for Two-Dimensional Case 
In two dimensional case, the dosimetry is formulated in cylindrical coordinates (as 
shown in figure Al.l). The dose rate, D(r,0), at point (r,0) can be written as 
D(r,6?) = ^A[G(r^)/G(/b,^)k(r)F(r,m 
where Sk is air kerma strength of the source (in units of U, defined in flowing section); 
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A is dose rate constant (in units of cGyh 'U"1); 
G(r,0) is geometry factor; 
g(r) is radial dose function; 
F(r,0) is anisotropy function. 
y 
Reference Point, P(r0,80; 
Figure Al.l Illustration of geometry assumed in the dose calculation formalism. 
A1.2 Parameters Defined in TG-43 Report 
A. Reference point 
The reference point (r0, /%) is chosen in the report to lie on the transverse bisector of 
the source at a distance of 1 cm from its center, i.e., ro=1.0cm and Oq—k/2. 
B. Air kerma strength, Sk 
S* = WX" (A1.2) 
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where K(d) is the product of air kerma rate at a calibration distance, d, in free space, 
measured along the transverse bisector of the source. The calibration distance d should be 
large enough that the source may be treated as mathematical point. It is usually chosen to be 
lm. The unit of air kerma strength is denoted by the symbol U, that is, 
1 U=1 unit of air kerma strength 
=1 flGym2h~l =1 cGycm2h~l. 
C. Dose rate constant, A 
The constant includes the effects of source geometry, the spatial distribution of 
radioactivity within the source, encapsulation and self-filtration within the source and 
D. Geometry factor, G(r,0) 
The geometry factor accounts for the variation of relative dose due only to the spatial 
distribution of activity within the source, ignoring photon absorption and scattering in the 
source structure. It is defined as 
A = D(r„, %)/.?, (A1.3) 
scattering in water surrounding the source. D(ro,0o) is dose rate at the reference point. 
(A 1.4) 
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where p(r') represents the density of radioactivity at point p(r')=p(x', y', z') within 
the source, V denotes the integration over the source core, dV' is a volume element located at 
r'in the source. 
In the report, the line source approximation to G(r, 0) has been selected because the 
three-dimensional distribution of p(r') is uncertain for many sources such as 125I. When the 
distribution of radioactivity can be approximated by a point source or by a line source of 
length, L, then G(r, 0) reduces to 
1 for point source approximation (A 1.5) 
2 
G(r, 6) - { r for line source approximation 
I Lr sin# 
Where L is the active length of the source and /? is the angle subtended by the active 
source with respect to the point (r, 0); i.e. P=d2-0i. 
E. Radial dose function, g(r) 
The radial dose function, g(r), accounts for the effects of absorption and scattering in 
the medium along the transverse axis of the source. It is defined as 
(r) = D(r,%)%,%) (AUg) 
It is similar to normalizing dose rate on the transverse axis to the dose rate at P(r0, do), 
ro=l.Ocm, 6a=n!2. 
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F. Anisotropy function, F(r, 0) 
The anisotropy function describes the angular variation of dose rate around the source. 
It is defined as 
The variation accounts for self-filtration, oblique filtration of primary photons 
through the encapsulating material and scattering of photons in the medium. 
A. 3 Point Isotropic Source Approximation 
Some clinical treatment planning systems for interstitial brachytherapy utilize the 
one-dimensional isotropic point source model to compute interstitial source dose 
distributions. Parameters defined for this approach are list below. 
A. Dose rate 
If a large number of seeds are randomly oriented or the degree of dose anisotropy 
around single sources is limited, the dose rate contribution to tissue from each seeds can be 
well approximated by the average radial dose rate as estimated by integrating the single 
anisotropic seed source with respect to solid angle. 
D( r )  =  —( i ) ( r , e )dQ  (A 1.8) 
4 7C * 
where d£i = In smddO 
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B. Anisotropy factor, <pan{r) 
Equation (Al.l) is substituted into equation (A1.8) above and rearranged, it can be 
written as 
(A1.9) 
G(ro,0o) 
^an(r) is the anisotropy factor, it is defined as: 
f D{ r ,  6 )  sin Odd 
»-W= 2 tKr.V (AL10) 
This factor ^an(r) is the ratio of average dose rate at distance r over solid angle to the 
dose rate on the transverse axis at the same distance. If the distances are greater than the 
source active length, the equation for dose around a source using point-source approximation 
can be simplified to 
D(r) = (S,A / /)g(r%L (r) . (A1.11) 
C. Anisotropy constant, </>m 
For sources considered in the report, the anisotropy factor may be approximated by a 
distance independent constant factor, ^an, without a significant loss in accuracy. The constant 
should be less than 1.00. 
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Among all the factors described above, the air kerma rate is the only one to determine 
the absolute dose distribution level around a source. The kerma rate may be different from 
one seed to the other, but because the structure of seed is about the same, all other factors 
stay the same. The distribution of absorbed dose around the seed in water medium, therefore, 
is determined by air kerma rate. 
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